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I 
Abstract 
 
In order to understand the Earth’s climate evolution it is crucial to evaluate the role of low-
latitude oceans in the global climate system, as they are connected to both hemispheres via 
atmospheric and oceanic circulation and thus hold the potential to disentangle the 
asynchronicity of short-term Pleistocene climate variability. However, the potential of low 
latitude oceans to respond to and force large-scale changes of the climate system is still 
debated. The aim of this thesis is to examine and to understand the causal relationship of 
both atmospheric and oceanic changes in the tropical western Indian Ocean on centennial-, 
millennial and glacial-interglacial timescales. For this purpose I investigated stable oxygen 
and carbon isotope compositions of both planktic and benthic foraminiferal tests, Mg/Ca 
ratios of planktic foraminiferal tests as well as benthic foraminiferal assemblages and 
sedimentary geochemical parameters on two sediment cores (GeoB12615-4, 446 m and 
GeoB12616-4, 1449 m) from the continental slope off Tanzania, East Africa. Time series of 
tropical Western Indian Ocean Sea Surface Temperatures (SST) based on Mg/Ca 
paleothermometry, in combination with planktic and benthic oxygen and carbon isotopes 
from sediment core GeoB12615-4 demonstrate that Southern Ocean Intermediate Waters 
(SOIW) acted as an interhemispheric transmitter of high southern latitude temperature trends 
over the past 40 kyr. Furthermore, the SOIW signature shows evidence for the deglacial 
release of deep-ocean sequestered carbon to the atmosphere, which reveals that the 
Southern Ocean played a pivotal role in not only modulating tropical climate but also 
realigning the global carbon system. Stable carbon and oxygen isotope as well as sediment 
elemental composition time series from sediment core GeoB12616-4 reveal that the Western 
Boundary Current of the Indian Ocean comprised primarily Southern Ocean sourced Upper 
Circumpolar Deep Water (UCDW) throughout the past 600 kyr. This uniform Southern Ocean 
deep water entered via the Amirante Passage or the Mozambique Channel and represents a 
downstream equivalent of South Atlantic UCDW. Short-term intrusions of Red Sea Water 
(RSW) along the African continental margin cannot clearly be confirmed at the study site. 
Benthic foraminiferal assemblages in combination with sediment elemental composition from 
sediment core GeoB12615-4 indicate dynamic changes of the marine environment as a 
response to increased East African rainfall and subsequent increased Rufiji River runoff 
during the East African Humid Period (12-5 kyr), as well as to the arid 8.2 kyr event, both 
concurrent with continental climate archives. Besides responding dynamically to glacial sea 
level variability and potential intermediate water rearrangement, benthic foraminiferal 
assemblages document that the profound postglacial sea level rise favoured the 
reestablishment of the East African fringe reefs.  
 
 
 
 
 
II 
Kurzfassung 
 
Um die klimatische Entwicklungsgeschichte der Erde zu verstehen ist es wichtig die Rolle 
der Ozeane in den niedrigen Breiten im globalen Klimasystem zu evaluieren, da diese mit 
beiden Hemisphären in Verbindung stehen und daher das Potential bergen, die Ursachen 
der Asynchronität von kurzfristigen pleistozänen Klimaschwankungen aufzudecken. Ziel 
dieser Arbeit ist es, die Kausalzusammenhänge in Bezug auf atmosphärische als auch 
ozeanische Veränderungen im tropischen westlichen Indik während des Pleistozäns auf 
verschiedenen Zeitskalen zu untersuchen und zu verstehen. Dazu wurden die Verhältnisse 
der stabilen Sauerstoff- und Kohlenstoff-Isotope an planktischen und benthischen 
Foraminiferengehäusen, das Mg/Ca-Verhältnis von planktischen Foraminiferengehäusen, 
sowie benthische Foraminiferen-Vergesellschaftungen und sedimentologisch-geochemische 
Parameter an zwei Sedimentkernen (GeoB12615-4, 446 m und GeoB12616-4, 1449 m) vom 
Kontinentalhang vor Tansania, Ostafrika, untersucht.  
Auf Mg/Ca-Paläotemperaturmessung basierende Ozean-Oberflächentemperaturen belegen 
in Kombination mit  Zeitreihen von planktischen und benthischen Sauerstoff- und 
Kohlenstoff-Isotopenverhältnissen, dass während der letzten 40.000 Jahre südozeanische 
Zwischenwassermassen (SOIW) Erwärmungstrends der südlichen hohen Breiten zwischen 
beiden Hemisphären übermittelt haben. Darüberhinaus belegt die Zwischenwasser-Signatur 
die Freisetzung von im tiefen Ozean gespeichertem Kohlenstoff während des Deglazials, 
was zeigt, dass der Südliche Ozean nicht nur für die Regulierung des tropischen Klimas, 
sondern auch für die Neujustierung des globalen Kohlenstoffkreislaufs eine entscheidende 
Rolle gespielt hat.  
Sowohl Zeitreihen von planktischen und benthischen Sauerstoff- und Kohlenstoff-
Isotopenverhältnissen als auch von Sediment-Elementverhältnissen, gewonnen aus 
Sedimentkern GeoB12616-4, machen deutlich, dass der westliche Tiefenrandstrom des 
Indiks während der vergangenen 600.000 Jahre durchweg durch Oberes Zirkumpolares 
Tiefenwasser (UCDW), aus dem Südpolarmeer kommend, gespeist wurde. Diese 
gleichförmige Tiefenwassermasse des Südpolarmeeres floss entweder durch die 
Amirantenpassage oder durch die Straße von Mosambik ein und stellt die stromabwärts 
gelegene Entsprechung des Oberen Zirkumpolaren Tiefenwassers des Süd-Atlantiks dar. 
Kurzfristiges Eindringen von Ausstromwasser aus dem Roten Meer (RSW) entlang des 
Afrikanischen Kontinentalhangs kann im Arbeitsgebiet nicht zweifelsfrei nachgewiesen 
werden. 
Benthische Foraminiferen-Vergesellschaftungen und Sediment-Elementverhältnisse aus 
Sedimentkern GeoB12615-4 zeigen dynamische Umweltveränderungen im marinen Bereich 
 
 
 
 
 
III 
als Resonanz auf erhöhte Niederschlagsmengen in Ostafrika und daraus folgend höhere 
Flussaktivität des Rufijis während der Afrikanischen Feuchtperiode (12.000-5.000 Jahre vor 
heute) an, ebenso wie das aride 8.2 kyr-Ereignis; jeweils übereinstimmend mit Klimaarchiven 
vom afrikanischen Festland. Änderungen in der Zusammensetzung benthischer 
Foraminiferen-Vergesellschaftungen zeigen, dass neben glazialen 
Meeresspiegelschwankungen und möglichen Zwischenwasserverlagerungen, insbesondere 
der starke postglaziale Meeresspiegelanstieg die Neuentstehung der Ostafrikanischen 
Saumriffe begünstigt hat.  
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Chapter 1 – Introduction 
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Chapter 1 – Introduction 
 
 
The Earth’s climate system is characterised by complex interactions of ocean, biosphere and 
atmosphere. One of the most relevant aims of paleoclimate research is to identify forcing and 
feedback mechanisms, as well as temporal and spatial ranges of the system’s interrelations 
to assess future climate change. While the existence of the Pleistocene glaciation was not 
commonly accepted before the late 19th century, it was during the early 20th century when 
orbital forcing as an underlying mechanism of natural climate variability was revealed 
(Milanković, 1941) and later generally accepted (e.g. Hays et al., 1976). The retrieval of high-
resolution ice cores from Greenland and Antarctica as well as the growing number of marine 
sediment cores then demonstrated that the climate of the past experienced more vigorous 
events on suborbital or millennial-scale, superimposed on the glacial-interglacial cycle 
(Dansgaard et al., 1993, Bond et al., 1993; Bond et al., 1997).  
Our understanding of climate change was expanded by concepts involving deep ocean 
circulation, global carbon cycle dynamics and atmosphere-ocean coupling as essential 
components of the climate system since the discovery of alternating interhemispheric 
variability (the “bipolar seesaw“) between Northern and Southern Hemisphere at the end of 
the last glacial (Blunier et al., 1997; Broecker, 1998), as well as the oscillation of atmospheric 
CO2 in pace with Antarctic temperature (Barnola et al., 1987; Petit et al., 1999; Monnin et al., 
2001; Caillon et al., 2003). After focusing on high latitude climate variability during the past 
decades, the role of the tropics in global climate change was just recently revealed to be 
more important than previously assumed (deMenocal et al., 2000b; Wang et al., 2001; Haug 
et al., 2001; Altabet et al., 2002; Dykoski et al., 2005; Shakun et al., 2007; Sarnthein et al., 
2011). The complex interaction of land and ocean based on the strong hydrological cycle and 
the existence of interhemispheric, extratropical and cross-basin teleconnections (Wu et al., 
2007; Rasmusson and Carpenter, 1983; Wang et al., 2000) make the tropics a key region of 
atmosphere-ocean coupling. Hence this area is most suitable to study environmental 
changes on both regional and global scales.  
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1.1.1 Carbon cycle and control of tropical SST  
Southern Ocean intermediate water masses (SOIW, Pena et al., 2013) are an important 
component of the global thermohaline circulation, as they represent the upper limb and 
downstream section of the important mid-depth circuit, or shallow overturning cell, in the 
Southern Ocean (Ziegler et al., 2013; Fig. 1.2). They flush all oceans at thermocline and 
intermediate depth on their way northwards and therefore 
  
 
Figure 1.2: Schematic illustration of modern global ocean meridional overturning circulation. Colour 
indicates approximate density ranges. Red: surface waters; yellow: intermediate waters; green: deep 
waters; blue: bottom waters. Shallow subtropical cells not included (figure taken from Lumpkin and 
Speer, 2007). 
 
are, not least due to their large volume, supposed to modulate tropical SST (Liu and Yang, 
2003). This enables the tropical oceans to warm and cool in in accordance to Antarctic air 
temperature (Kiefer et al., 2006; Naidu and Govil, 2010; Mohtadi et al., 2010a; Visser et al., 
2003; Weldeab et al., 2006). Furthermore, the crucial position of SOIW in global 
thermohaline circulation and its tight coupling to the atmosphere make it most suitable for 
detecting profound climate system changes in the past, including changes in the carbon 
cycle. Recent results show that the last glacial to interglacial transition was accompanied by 
a profound increase in atmospheric CO2 concentrations (Parrenin et al., 2013) and 
concurrent Antarctic temperatures (WAIS members, 2013). These changes were 
simultaneously accompanied by a drop in atmospheric δ13C (Schmitt et al, 2012) and Δ14C 
(Reimer et al., 2013), which can be explained by the release of long-time sequestered 
carbon from a deep ocean reservoir (Broecker, 1982) during that period.  
 
(Q1) What was the control mechanism of tropical SST in the past and how does the tropical 
Indian Ocean respond to past climate system changes?  
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This study strengthens the hypothesis of the “oceanic tunnel“ mechanism (Liu and Yang, 
2003) and shows that western Indian Ocean SST are intimately coupled to and modulated by 
the Southern Hemisphere, i.e., the Southern Ocean. The study further shows that western 
Indian Ocean intermediate waters clearly reflect the deglacial carbon cycle realignment that 
took place in the Southern Ocean. 
 
 
1.1.2 Deep-water variability  
The Agulhas Current System is a key component of the global ocean circulation, as it 
transfers salt and heat from the Indian Ocean via the southern tip of Africa to the Atlantic 
Ocean, and thus can modulate the Atlantic Overturning Circulation (Beal et al., 2000; 
Biastoch et al., 2008). An important precursor of the Agulhas Current is the deep western 
boundary flow along the East-African continental slope. To fully understand the mechanisms 
that modulated Agulhas strength in the past, it is essential to study the complex hydrography 
along the deep western boundaries over longer timescales. The Indian Ocean is almost 
entirely ventilated by southern-sourced waters, but there is disagreement on the spatial and 
temporal extension of an important intermediate ventilation source, i.e., Antarctic 
Intermediate Water, as well as of one of the few northern-sourced waters, i.e., Red Sea 
Water.  
 
(Q2) Did the deep western boundary current of the Indian Ocean experience profound water 
mass changes over glacial-interglacial timescales?  
 
In this study, the establishment of a δ13C deep-water record covering the past 600 kyr, and 
the comparison with both Indian and Southern Ocean δ13C profiles are used to refine the 
hydrographical history of the Indian Ocean deep western boundary current.   
 
 
1.1.3 East African rainfall variability 
In order to establish a better understanding of low latitude climate dynamics during the late 
Quaternary, it is essential to study the exact timing and spatial distribution of short-term 
trends, as well as its relationships to global and regional scale forcing events. 
Paleohydrological data from North, West and East Africa suggest that the African climate 
was much more humid during the early and mid-Holocene epoch, between approximately 
12–5 kyr BP (deMenocal et al., 2000a; deMenocal and Tierney, 2012, Burrough and 
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Thomas, 2013). The so-called African Humid Period (AHP) led to fundamental ecological 
changes (“Green Sahara“) and had an impact on cultural and sociological development of 
Neolithic civilisations (Garcin et al., 2012; Hoelzmann et al., 2001; Kuper and Kröpelin, 
2006). However, both terrestrial and marine archives suggest that the transition to more 
humid conditions and the subsequent decline did not occur simultaneously across the African 
continent. Particularly the heterogeneity of AHP onset and decline that is documented in 
terrestrial archives from the East African Rift system complicates the inference of potential 
forcing mechanisms and the differentiation between local and regional effects.  
 
(Q3) Do benthic foraminiferal assemblages and marine sediment parameters from the East 
African continental margin help to evaluate past hydrological and environmental changes of 
the African continent? 
 
This study provides a late glacial paleoenvironmental reconstruction based on benthic 
foraminiferal assemblages and geochemical sediment parameters. The results complement 
terrestrial studies and help to assess the exact timing of past East African rainfall variability 
as well as the effect of postglacial sea level rise on the East African marine environment.  
 
 
 
1.2 Structure of the thesis 
Chapter 1 introduces the motivation for and the intended research objectives of this project. 
Chapter 2 provides background information of regional atmospheric and hydrographic 
circulation of the study area and the used proxy methods to provide a base for discussion of 
past Indian Ocean climate variability. In Chapter 3, 4 and 5, the results of this thesis are 
presented in form of three manuscripts, which are published, are in review, or have been 
submitted to peer-reviewed international scientific journals. Chapter 6 concludes the thesis 
with a summary of the main findings. It also gives an outlook on future perspectives with 
regard to Indian Ocean paleoclimate research.  
 
Chapter 3:  
Romahn, S., Mackensen, A., Groeneveld, J., and Pätzold, J., 2014. Deglacial intermediate 
water reorganization: new evidence from the Indian Ocean. Climate of the Past, 10(1): 293-
303. doi:10.5194/cp-10-293-2014 
 
This study examines the control mechanism of tropical western Indian Ocean SST since the 
last glacial, as well as potential causes of stable carbon isotope variability of deglacial 
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intermediate waters. For this purpose we used a high-resolution sediment core (GeoB12615-
4) off Tanzania that covers the past 40 kyr.  
 
Chapter 4: 
Romahn, S., Mackensen, A., Kuhlmann, H., and Pätzold, J. (submitted).  
Indian Ocean Deep Water Variability of the past 600 kyr. International Journal of Earth 
Sciences.  
 
In this study, we established a δ13C deep-water record from intermediate-to-deep-water site 
GeoB12616-4 off Tanzania to reconstruct the hydrographical history of the Indian Ocean 
deep western boundary current. The data set covers the past 600 kyr and reveals continuous 
control by southern sourced Circumpolar Deep Water of the study site.  
 
 
Chapter 5: 
Romahn, S., Mackensen, A., Kuhlmann, H., and Pätzold, J. (submitted and in review). 
Benthic Foraminiferal response to late glacial and Holocene sea level rise and rainfall 
variability off East Africa. Marine Micropaleontology.  
 
Based on the results for GeoB12615-4 (Chapter 3), we established a high-resolution record 
of benthic foraminiferal assemblages, diversity and accumulation rates. In combination with 
geochemical parameters we examined Glacial to Holocene paleoenvironmental changes at 
the East African continental slope. We reveal the marine response to early Holocene humid 
conditions and short-term droughts (8.2 kyr event) on the African continent as well as the 
marine faunal response to postglacial sea level rise.  
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Chapter 2 – Background information 
 
2.1 Indian Ocean atmospheric and upper ocean circulation  
The Indian Ocean exhibits two unique geographical features that have a major effect on 
climate and circulation on both regional and basin-wide scales: Firstly, the Indian Ocean is 
blocked by the Asian continent towards the north, preventing northward heat export and 
driving the strong Asian Monsoon. Secondly, the Indonesian Archipelago enables the 
connection to the Pacific, i.e. the only inter-ocean passage at low latitudes (Naqvi, 2008).  
In general, the Indian Ocean is divided in three distinct surface circulation systems; these are 
(1) the monsoon gyre, (2) the southern hemisphere subtropical anticyclonic gyre and (3) the 
Antarctic Waters with the Circumpolar Current (Wyrtki, 1973).  
(1) The monsoon gyre comprises the northern Indian Ocean including the Arabian Sea and 
the Bay of Bengal. The asymmetric arrangement of continents around the Indian Ocean 
leads to the specific monsoon phenomenon characterising the region (Tchernia, 1980). The 
differing heat capacities of continents and the ocean result in a large, semi-annual migration 
of the Intertropical Convergence Zone (ITCZ) across the Indian Ocean. The subsequent 
seasonal build-up of temperature and pressure gradients between water and land lead to 
inflow of moisture-laden air masses from the ocean, shaping the characteristic monsoon 
season with heavy, seasonal rainfall over South Asia and the adjacent regions. Additionally, 
the monsoon driven winds lead to seasonal upwelling in the Arabian Sea (Schott and 
McCreary, 2001) and strong seasonal reversals of oceanic circulation with surface currents 
flowing clockwise during the southwest monsoon (June-September) and anticlockwise during 
the northeast monsoon (October-December; Naqvi, 2008).  
(2) A pronounced sharp physicochemical discontinuity at approximately 10° S divides the 
high nutrient, low oxygen waters of the monsoon gyre from the low nutrient, high oxygen 
waters of the southern subtropical anticyclonic gyre (Wyrtki, 1973). Along this hydrochemical 
front, the steady westward flow of the South Equatorial Current (SEC) that is driven by 
prevailing westerly winds further separates the two cells and marks the boundary to 
perennial surface circulation without seasonal reversals (Fig. 2.1, A). From a global point of 
view, the steady flow of Indonesian Throughflow from the Pacific to the Indian Ocean via the 
Indonesian Archipelago provides low latitude inter-ocean exchange. These Pacific-origin 
waters are carried westward via the SEC, by the western boundary (Agulhas) current along 
the African Coast, and enter the Atlantic Ocean as part of the global conveyor circulation 
(Gordon, 1985; Naqvi, 2008; Fig. 1.2).  
(3) Further south, the subantarctic waters and the Antarctic Circumpolar Current do not differ 
much from the Southern Ocean sectors of the Atlantic and Pacific Ocean (Wyrtki, 1973).  
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2.2 Indian Ocean deep circulation 
As described above, the Indian Ocean is enclosed by continents to the north, west and east, 
effectively preventing the oceanic connection to the high northern latitudes and direct 
introduction of northern-sourced water masses (Schott et al., 2009). As a result, the sub-
surface Indian Ocean is to a large part ventilated by Southern Ocean Intermediate Waters 
(SOIW; You, 2000; Fine, 1993, Fine et al., 2008; Pena et al., 2013). At thermocline to 
intermediate levels, low salinity- high oxygen Antarctic Intermediate Water (AAIW) enters 
from the southwest Indian Ocean at 800-1200 m (Fig. 2.1, B). It spreads northwards while 
subsequently rising to 500 m water depth, mainly along the western boundary while 
eventually passing the Mozambique Channel (Donohue and Toole, 2003; Ullgren et al., 
2012). Subantarctic Mode Water (SAMW) from the southeast Indian Ocean is the dominant 
ventilation source of the thermocline, including the Arabian Sea (Fine et al. 2008). High 
salinity Red Sea Water (RSW) and Persian Gulf Water (PGW) originate from the northern 
marginal seas spread south along both the western and eastern boundaries, with stronger 
flow in the west (You, 1998). After subsequently passing the Mozambique Channel, they 
feed the Agulhas Current and represent a dominant component of the systems salt budget 
(Beal et al., 2000). However, compared to SOIW the volumetric contribution and the 
importance for intermediate ocean ventilation of waters from the marginal seas is relatively 
small (Fine et al., 2008; Swallow, 1984). Indonesian Throughflow Waters (ITF; Fig. 2.1, B) 
from the Indonesian Archipelago flow towards the west at shallow intermediate level (Fieux 
et al., 1994) with the SEC and exit the Indian Ocean via the Agulhas Current (Gordon et al., 
2010).  
Upper Circumpolar Deep Water (UCDW) from the Southern Ocean ventilates the deep 
Indian Ocean primarily at two flow pathways (Fig. 2.1, C). The first one is in the western 
Indian Ocean, where UCDW flows north via the Crozet Basin into the Madagascar-
Mascarene Basin at depths of 2000-3000 m, until it finally enters the Somali Basin through 
the Amirante Passage (You, 2000; Warren, 1978; McCave et al., 2005; Mantyla and Reid, 
1995). The second pathway is in the Central Indian Basin at depths of 3000-3500 m (You, 
2000). The contribution of North Atlantic Deep Water (NADW) entering the Indian Ocean 
from the Southeast Atlantic is largely restricted to the southwest Indian Ocean, as ridges 
effectively block its way to the north and east. Indian Deep Water (IDW) represents an “aged“ 
version of UCDW with a much higher nutrient content. It mainly enters the intermediate-to-
deep Arabian Sea from the Madagascar-Mascarene Basins as well as partly from the Central 
Indian Basin (McCave et al., 2005; Johnson et al., 1998; You, 2000) where it transforms to 
IDW and continues to flow south along the western boundary as part of the UCDW return 
flow (Johnson 1998 et al.; You, 2000). At the deepest level (Fig. 2.1, D), Lower Circumpolar 
Deep Water (LCDW) in the sense of Orsi et al. (1999) enters the Indian Ocean from the 
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Weddell Sea Domain (WSD, McCave et al., 2008) in the western basins, as well as from the 
Adelie Coast Domain (ACD, McCave et al., 2008) in the eastern basins (Kolla et al., 1976; 
Mantyla and Reid, 1995; Boswell and Smythe-Wright, 2002, McCave et al., 2005).  
 
Figure 2.1: Schematic illustration of the circulation in the western Indian Ocean. A) Surface circulation 
during the southwest monsoon (June-September): Southwest Monsoon Current (SMC); East African 
Coastal Current (EACC); Northeast and Southeast Madagascar Current (NEMC, SEMC); South 
Equatorial Current (SEC); Intertropical Convergence Zone (ITCZ); Congo Air Boundary (CAB). 
Redrawn after Schott et al. (2009). B) Intermediate level circulation: Red Sea Water (RSW); Persian 
Gulf Water (PGW); Indonesian Throughflow (ITF); Southern Ocean Intermediate Water (SOIW); 
Antarctic Intermediate Water (AAIW); Subantarctic Mode Water (SAMW). Redrawn after McCave et al. 
(2005). C) Deep level circulation: Upper Circumpolar Deep Water (UCDW); Indian Deep Water (IDW); 
Amirante Passage (A); Mozambique Channel (MC). Redrawn after McCave et al. (2005). D) Bottom 
level circulation: Lower Circumpolar Deep Water (LCDW); Weddell Sea Domain (WSD); Adelie Coast 
Domain (ACD). Redrawn after McCave et al. (2005) and McCave et al. (2008).  
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2.3 Paleoproxies based on foraminifera 
Foraminifera are a highly diverse and globally distributed group of single-celled, aquatic 
protists that populate all marine habitats worldwide. These amoeboid eukaryotes form 
protective tests consisting of one to several chambers. Up to ∼4000 living species have been 
estimated for all marine environments (Murray, 2007), whereof only 40-50 foraminifera 
species are planktic forms that populate the upper water column. The majority of species are 
benthic taxa, living on or within the seafloor sediment, i.e. epi- and endobenthic species, 
respectively, where they form distinct assemblages that populate various marine habitats, 
such as continental shelves, slopes and deep-sea environments (e.g. Sen Gupta, 1999; Van 
Morkhoven et al., 1986; Murray, 2006).  In the fossil record, planktic species occur during the 
Jurassic Period, whereas benthic species date back to the Cambrian Period (Culver, 1991). 
There are various reasons why foraminifera are by far the most commonly used targets for 
paleoproxy-analyses in environmental studies of past climate change. These include next to 
their global distribution and adaption to all marine habitats, their fossilisation potential and 
continuous occurrence in the fossil record, as well as their specific adaption to environmental 
conditions.  
 
 
2.3.1 Benthic foraminiferal assemblages 
The study of benthic foraminiferal ecology and its application date back to the early 20th 
century, when their applicability as biostratigraphic markers in oil exploration, and as a tool to 
reconstruct past environmental conditions was revealed (Cushman, 1928; Natland, 1933). 
Starting with the concept that the distribution of benthic foraminifera is associated with 
bathymetry (e.g. Bandy, 1953; Bandy and Echols, 1964; Murray, 1973), it was later generally 
agreed that physical properties of different water masses such as salinity, temperature and 
alkalinity, favour the development of characteristic assemblages. This allowed the use of 
benthic foraminifera faunas as tracers for past water mass variability within ocean basins 
(Streeter, 1973; Schnitker, 1974; Lohmann, 1978). The perception that in addition to a 
dependance on physico-chemical environmental conditions on the sediment, species show a 
vertical zonation on and within the sediment according to their microhabitat preferences 
(Corliss, 1985; Lutze and Thiel, 1989; Mackensen and Douglas, 1989; Jorissen et al., 1992; 
Rathburn and Corliss, 1994; De Stigter et al. 1998; Mackensen et al., 2000; Schmiedl et al., 
2000; Licari et al., 2003; Eberwein and Mackensen, 2006; Schumacher et al., 2007) was 
summarized by the TROX model (Jorissen et al., 1995). This conceptual model underlines 
that the composition of the benthic foraminifera fauna is primarily controlled by the availability 
of food and therefore the organic matter flux to the sea floor as well as the pore-water 
oxygen concentration of the sediment (Lutze and Coulbourn, 1984; Corliss and Emerson 
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1990; Loubere 1991; Sen Gupta and Machain-Castillo, 1993; Kaiho, 1994). The dependence 
on food flux is not static, as seasonality of supply as well as the food quality, i.e., labile 
organic matter (phytodetritus) versus refractory organic matter (aged, terrestrial compounds), 
strongly influence benthic foraminiferal assemblages (Gooday, 1988; Carney, 1989; Gooday, 
1993; Linke and Lutze, 1993; Fontanier et al., 2005; Guichard et al., 1999; Jorissen et al., 
2007). Site- and basin-specific physico-chemical environmental conditions modulate the 
predominant dependence of benthic foraminiferal assemblage compositions of food supply 
(e.g. Schnitker, 1994; Mackensen et al., 1985; Mackensen et al., 1995; Schmiedl and 
Mackensen, 1997; Licari et al., 2003; Eberwein and Mackensen, 2008; Gooday, 2003). 
In Chapter 3, we applied Q-Mode Principal Component Analysis to down-core census data of 
the benthic foraminiferal fauna in order to generate few benthic foraminiferal assemblages. 
We combined the results with calculated species diversity H(S), the total benthic foraminifera 
accumulation rate (BFAR) as well as geochemical parameters, in order to ultimately infer the 
environmental setting that controls species distribution at our study site over the past 40 kyr.  
 
 
2.3.2 Stable oxygen isotopic composition of foraminifera 
After the theoretical and technical foundation was laid by Urey (1947) and McCrea (1950), 
the use of stable oxygen isotope composition of biogenic calcite for paleotemperature 
calculations was established (Urey et al., 1951; Epstein et al., 1951; Epstein et al., 1953) and 
applied to reconstruct climatic conditions during the Pleistocene for the first time (Emiliani, 
1955).  
The application of foraminiferal oxygen isotopes as an environmental proxy is based on the 
relationship between foraminiferal calcite and seawater: the oxygen isotopic composition of 
foraminiferal calcite reflects the oxygen isotopic composition of the ambient seawater, with 
an offset depending on the seawater temperature due to thermodynamic isotopic 
fractionation that occurs during calcite precipitation (Ravelo and Hillaire-Marcel, 2007). 
However, some species tend to precipitate calcite in varying oxygen isotopic disequilibrium 
with the seawater related to “vital effects“ or ontogeny (e.g., Wefer and Berger, 1991; Ravelo 
and Fairbanks, 1992; Spero, 1992; Spero and Lea, 1993; Spero et al., 1997). Furthermore, 
the oxygen isotopic composition of seawater exhibits large variability as well. In general, 
several processes affect the oxygen isotopic composition of seawater, such as local changes 
of seawater δ18O due to evaporation, precipitation and introduction of continental freshwater 
(the “salinity effect“), or the temporal storage of water in continental ice on land (the “ice 
volume effect“) (e.g., Ravelo and Hillaire-Marcel, 2007). Shackleton (1967) first described the 
variation of the global ocean δ18O over glacial-interglacial timescales as the result of 
periodically ice cap growth and decay. Subsequently the use of the Marine Isotope Stages 
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(MIS), originally introduced by Emiliani (1955), became a basic stratigraphic tool in 
paleoclimatologic and paleoceanographic research (Shackleton and Opdyke, 1973). 
In Chapter 1, 2 and 3, we used downcore δ18O profiles based on both epibenthic and planktic 
species at two sites to primarily establish age control for the sediment cores. Further, we 
concluded differences with respect to northern and southern hemisphere coupling by 
comparing planktic and benthic oxygen isotope signals.  
 
 
2.3.3 Stable carbon isotopic composition of foraminifera 
In order to understand past climate changes it is important to evaluate changes of the global 
carbon cycle. It has become common practise to use the carbon isotope composition of 
foraminiferal calcite, as it reflects the δ13C of dissolved inorganic carbon in seawater 
(δ13CDIC). The δ13CDIC of seawater is not uniform throughout the global ocean and it varies 
over time. Long-time changes are caused by changes of carbon cycling between 
atmosphere, ocean and terrestrial biosphere, as well as the inclusion of geological 
reservoirs. On a shorter scale, δ13CDIC of seawater is affected and modulated by (1) the 
photosynthesis-respiration cycle (Kroopnick, 1980; Broecker, 1982; Kroopnick, 1985), by (2) 
changes of the temperature-dependent isotopic fractionation during air-sea gas exchange 
(e.g., Lynch-Stieglitz et al., 1995; Broecker and Maier-Reimer, 1992), as well as by (3) 
advective and diffusive mixing processes during water mass circulation. Generally, planktic 
foraminiferal calcite is not secreted in carbon isotopic equilibrium with DIC of seawater and 
thus planktic δ13C is offset from surface water δ13CDIC (Spero, 1992; Ortiz et al., 1996; Mulitza 
et al., 1999). Epibenthic species Cibicidoides wuellerstorfi and Planulina ariminensis mostly 
record bottom water δ13CDIC in a one-to-one relationship in their test δ13C (Woodruff et al., 
1980; Duplessy et al., 1984; Zahn et al., 1986; Kallel et al., 1988; McCorkle and Keigwin, 
1995; Eberwein and Mackensen, 2008). Therefore they are widely used to reconstruct 
changes in paleoproductivity and past oceanic circulation (e.g., Duplessy et al., 1988; Curry 
et al., 1988; Oppo and Fairbanks, 1990; Mackensen et al., 1994; Sarnthein et al., 1994; 
Naqvi et al., 1994; Bickert and Wefer, 1996; Mackensen et al., 2001; Bickert and Mackensen, 
2004; Mackensen and Licari, 2004; Curry and Oppo, 2005; Eberwein and Mackensen, 2008). 
However, in areas with seasonally high surface productivity the accumulation and 
subsequent decomposition of organic matter, depleted in 13C, will decrease the δ13C of the 
ambient seawater. As a result, epibenthic foraminifera, such as C. wuellerstorfi living in such 
an environment can record δ13C values that are significantly offset from bottom water values 
(Mackensen et al., 1993b; Bickert and Mackensen, 2004; Zarriess and Mackensen, 2011). 
In Chapter 1, we used δ13C time series of the epifaunal benthic foraminifer P. ariminensis to 
trace deglacial changes of the global carbon cycle, i.e., the transfer of sequestered carbon 
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from the ocean to the atmosphere. In Chapter 2, we applied δ13C records of the epifaunal 
benthic foraminifer C. wuellerstorfi as a Southern Ocean deep-water mass proxy to refine the 
hydrographical history of the western Indian Ocean.  
 
 
2.3.4 Mg/Ca paleothermometry 
The reconstruction of past oceanic surface water temperatures (SST) is crucial for the 
assessment of past climate system changes. Since it has been discovered that the 
incorporation of Mg into biogenic calcite primarily depends on the temperature of the ambient 
seawater (Chave, 1954; Blackmon and Todd, 1959), the development of Mg/Ca 
paleothermometry has been greatly improved (Rosenthal et al., 1997; Lea et al. 1999). The 
large number of culture-based, sediment trap and core-top studies that focused on 
calibrating the Mg/Ca ratio–temperature relationship for several planktic foraminifera species 
and test sizes (Nürnberg et al., 1996; Lea et al., 1999; Mashiotta et al., 1999; Elderfield and 
Ganssen, 2000; Dekens et al., 2002; Anand et al. 2003; Elderfield et al., 2002, Greaves et 
al., 2008; Regenberg et al., 2009; Mohtadi et al., 2011a; Friedrich et al., 2012) enabled the 
experienced and reliable application of this proxy to reconstruct ocean temperature variability 
of the past (Hastings et al., 1998; Lea et al., 2000; Lea et al., 2002; Rosenthal et al., 2000; 
Koutavas et al., 2002; Stott et al., 2002; Pahnke et al., 2003; Rosenthal et al., 2003; Visser et 
al., 2003; Saraswat et al., 2005; Weldeab et al., 2006; Saher et al., 2007; Saher et al., 2009; 
Leduc et al., 2010; Mohtadi et al., 2010a, Mohtadi et al., 2010b; Banakar et al., 2010; Steinke 
et al., 2011).  
In Chapter 1, we established a tropical Indian Ocean SST record based on Mg/Ca ratios of 
the most shallow living planktic species Globigerinoides ruber, a commonly used species for 
the tropical Indian Ocean (Anand et al., 2008; Mohtadi et al., 2011a; Mohtadi et al., 2010a; 
Steinke et al., 2011).  
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Abstract 
 
The importance of intermediate water masses in climate change and ocean circulation has 
been emphasized recently. In particular, Southern Ocean Intermediate Waters (SOIW), such 
as Antarctic Intermediate Water and Subantarctic Mode Water, are thought to have acted as 
active interhemispheric transmitter of climate anomalies. Here we reconstruct changes in 
SOIW signature and spatial and temporal evolution based on a 40 kyr time series of oxygen 
and carbon isotopes as well as planktic Mg/Ca based thermometry from Site GeoB12615-4 
in the western Indian Ocean. Our data suggest that SOIW transmitted Antarctic temperature 
trends to the equatorial Indian Ocean via the “oceanic tunnel” mechanism. Moreover, our 
results reveal that deglacial SOIW carried a signature of aged Southern Ocean deep water. 
We find no evidence of increased formation of intermediate waters during the deglaciation.   
 
 
3.1 Introduction 
Despite growing evidence that intermediate water masses originating from the southern 
hemisphere are an important component of the global thermohaline circulation, there is 
disagreement about the variability of chemical properties and the spatial dimension of these 
water masses through time. Especially the architecture of the Southern Ocean’s intermediate 
level during the last Termination is a matter of current debate. For example, an enhanced 
formation of Antarctic Intermediate Water (AAIW) during Heinrich event 1 (H1) and the 
Younger Dryas (YD) has been proposed for the Atlantic (Pahnke et al., 2008), the Pacific 
(Pahnke and Zahn, 2005) and for the Indian Ocean (Jung et al., 2009).  
AAIW is also thought to transmit climate anomalies from the Southern Ocean to the tropics, 
via the so-called “oceanic tunnel” (Liu and Yang, 2003; Pena et al., 2013). This term 
Chapter 3 – Deglacial intermediate water reorganization: new evidence from the Indian Ocean 
 
 15 
describes the flow of southern-sourced waters via an intermediate water level pathway to the 
low latitude thermocline, where entrainment of this extratropical water has a cooling effect on 
tropical sea surface temperature (SST). The growing number of high-resolution SST records 
from shallow depths of tropical oceans, showing an Antarctic-type SST pattern for the last 
deglaciation (Kiefer et al., 2006; Naidu and Govil, 2010; Mohtadi et al., 2010a; Visser et al., 
2003; Weldeab et al., 2006), supports this idea and indicates that AAIW is essential for 
interhemispheric forcing of climate variability.  
 
In this context, the hypothesis that the deglacial atmospheric CO2 increase and Δ14C decline 
could be explained by the release of carbon from an isolated deep water carbon pool 
(Broecker, 1982), gained new attention. This idea has been corroborated recently since 
anomalous radiocarbon-depleted waters were identified in the Pacific (Marchitto et al., 2007; 
Sikes et al., 2000; Stott et al., 2009), the Atlantic (Keigwin, 2004; Robinson et al., 2005; 
Thornalley et al., 2011) and the Indian Ocean (Bryan et al., 2010). These old waters were all 
detected in thermocline to shallow intermediate depths and interpreted as pulses of AAIW 
thereby demonstrating the presence of an aged deep water reservoir in the Southern Ocean. 
Spero and Lea (2002) presented a higher level hypothesis that interprets globally distributed 
carbon isotope minimum events (CIME; (Ziegler et al., 2013)) at glacial terminations as the 
result of increased upwelling of aged deep water in the Southern Ocean, once Antarctica 
began to warm and sea ice melted back. Accordingly, supersaturated deep waters emitted 
CO2, which resulted in rising CO2 concentrations and decreasing δ13C signature of the 
atmosphere, while the low δ13C of these upwelled waters propagated northwards in AAIW 
and Subantarctic Mode Water (SAMW). The AAIW/SAMW δ13C minimum, Antarctic 
temperature rise and atmospheric CO2 rise coincide, because all these effects arise from the 
same process (Spero and Lea, 2002; Stephens and Keeling, 2000).  
 
High-resolution sediment records from the tropical intermediate ocean are still rare, but they 
are essential to answer the questions of how the geographical and vertical extent of AAIW 
changed since the Last Glacial Maximum (LGM), and how AAIW influenced the physical 
properties of the tropical and subtropical oceans in both hemispheres, and therefore 
participated in inter-hemispheric coupling. Here we provide a new high-resolution time series 
of oxygen and carbon isotopes as well as planktic Mg/Ca based SST from the intermediate 
western Indian Ocean that spans the last 40 kyr to contribute to the current discussion on the 
importance of AAIW/SAMW as part of the global overturning circulation.   
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3.2 Oceanographic framework 
The study site GeoB12615-4 is located off Tanzania, East Africa, in the western Indian 
Ocean (Fig. 3.1). In general, the western Indian Ocean is characterized by considerable 
monsoon-induced variability of surface ocean circulation. Seasonal reversing winds cause 
phases of upwelling and downwelling, which affect nutrient availability and surface 
productivity. Compared to the northern coast of Tanzania, where seasonal upwelling leads to 
cooler, nutrient-rich waters and higher planktic productivity, surface waters south of 4°S 
(including our study site at 7°S) are stratified year-round. The area is characterized by 
relatively low surface productivity, coral reef growth and benthic producivity associated with 
low-nutrient warm waters (Birch et al., 2013; McClanahan, 1988). 
The study area receives surface water predominantly from the westward flowing South 
Equatorial Current (SEC), to a large part supplied by the Indonesian Throughflow (Schott et 
al., 2009). Whereas SAMW from the southeast Indian Ocean is the source for thermocline 
waters, there are several sources that contribute to the intermediate waters of the Indian 
Ocean (Fine et al., 2008). High salinity waters formed from Red Sea outflow (Red Sea 
Water, RSW) spread southwards along the East African continental margin (You, 1998), 
which can be identified at roughly 600- 1400 m water depth at our study site (Birch et al., 
2013). As there is evidence that Red Sea outflow was greatly reduced during the LGM 
(Rohling and Zachariasse, 1996) due to lower sea-level, and that RSW settled deeper in the 
water column during the late deglaciation and the early Holocene (Jung et al., 2001), we 
conclude that RSW did not affect our study site during the last 40 kyr. 
Although You (1998) estimated the water along the western boundary at 5°N to be a mixture 
of 20% AAIW, 70% Red Sea Water, and 10% Indonesian throughflow, Fine et al. (2008) 
found AAIW, entering the Indian Ocean from the southwest, to be the most significant 
ventilation source of the intermediate Indian Ocean, including the Arabian Sea. Both AAIW 
and SAMW are supposed to be upwelled in the open ocean at 5°-10°S due to Ekman 
divergence at the northern edge of the South Equatorial Counter Current (Schott and 
McCreary, 2001). 
 
The formation of both AAIW and SAMW in the modern ocean is associated with sinking at 
the Subantarctic Front (SAF) at 45° to 55°S (Hartin et al., 2011; McCartney, 1977; Sloyan 
and Rintoul, 2001). In the past years, it has become common practice in paleoceanographic 
studies to refer to AAIW/SAMW as a single entity when speaking of, in general, a glacial 
Southern component intermediate water, which originates from circumantarctic surface 
waters, subducts and subsequently spreads northwards (Bryan et al., 2010; Chen et al., 
2011; Ninnemann and Charles, 1997; Spero and Lea, 2002). Although this is a simplification, 
it seems helpful when hypothesizing (schematically) about changes in Southern Ocean 
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3.3 Material and Methods 
3.3.1 Sampling 
The gravity core GeoB12615-4 was recovered during Meteor cruise M75/2 in February 2008 at 
07°08.30’S 39°50.45’W from 446 m water depth and is 644 cm long (Savoye et al., 2013). For this 
study we sampled at 4 cm spacing with a sample width of 1 cm. The sediments were wet sieved 
over 63 µm, 125 µm and 2 mm and dried the sediment fractions at 40 °C.  
 
3.3.2 Age model 
The chronology is based on 16 AMS (accelerator mass spectrometer) radiocarbon analyses, 
carried out at the Leibniz-Laboratory for Radiometric Dating and Isotope Research, Kiel. Equal 
percentages of mixed-layer-dwelling planktic foraminifera species (Globigerinoides ruber, 
Globigerinoides sacculifer, Globigerinella aequilateralis, Globigerinoides conglobatus), which live 
between 50 and 100 m water depth (Hutson, 1977; Bé and Hutson, 1977; Birch et al., 2013), were 
used for each analysis (see Appendix 1). Measured radiocarbon ages were converted into 
calibrated ages before present (BP) using the Calib 6.0 software (Stuiver and Reimer, 1986), 
based on the Marine09 calibration curve and a reservoir age correction of ΔR = 140 yrs (Southon 
et al., 2002). The sedimentation rate varies strongly between the Holocene (average of 46 cm/kyr, 
highest beween ~ 8.7 and 8.2 kyr with 70 cm/kyr) and the glacial (below 10 cm/kyr). The complete 
dataset covers the past ~ 40 kyr (Fig. 3.2). 
 
 
Figure 3.2: age-depth relationship of core GeoB12615-4, including linear sedimentation rates and calibrated 
radiocarbon ages with error bars.  
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3.3.3 Oxygen and carbon isotopes 
For isotopic analysis, six to eight individuals of Globigerinoides ruber white s.s. as the shallowest 
living species at the study site (Birch et al., 2013, Fallet et al., 2010) were selected from the 250 − 
300 µm fraction. Duplicate measurements were carried out of the deglacial core section (444 − 500 
cm). Three to four individuals of benthic foraminifer Planulina ariminensis were selected from the 
total fraction for analysis. Isotope measurements were performed using Finnigan MAT 251 and 
MAT 253 isotope ratio mass spectrometers coupled to automatic carbonate preparation devices 
Kiel II and Kiel IV, respectively. The isotope measurements were calibrated via NBS 19 
international standard to the PDB scale. All results are given in δ-notation versus VPDB. Precision 
of measurements based on an internal laboratory standard (Solnhofen limestone) measured over a 
one-year period together with samples was better than ±0.08 ‰ and ±0.06 ‰ for oxygen and 
carbon isotopes, respectively.  
 
3.3.4 Mg/Ca ratios 
35 to 45 individuals of G. ruber white, s.s. (250-300 µm), were selected for Mg/Ca analysis of every 
second sample of the uppermost part of the core, resulting in a sampling interval of 8 cm. In 
contrast, in the lowermost 2.50 m of the core each sample was analysed (4 cm sampling interval). 
The tests were gently crushed and cleaned according to the cleaning protocol of Barker et al. 
(2003). The dissolved samples were centrifuged (10 min at 6000 rpm), transferred into 
autosampler tubes and diluted for analysis. Mg/Ca ratios were measured using an Inductively 
Coupled Plasma Optical Emission Spectrophotometer (ICP-OES) (Agilent Technologies, 700 
Series with autosampler (ASX-520 Cetac) and micro-nebulizer) housed at the MARUM – Center 
for Marine  Environmental Sciences, University of Bremen. The Mg/Ca values are reported as 
mmol/mol. Instrumental precision was determined by analysis of an external, in-house standard 
(Mg/Ca = 2.93 mmol/mol), which was measured after every fifth sample. The standard deviation of 
the external standard was ±0.48 %. Reproducibility of the samples (n=14) was ±0.09 mmol/mol. 
Long-term measurement of an international limestone standard (ECRM752-1; (Greaves et al., 
2008)() allows for interlaboratory comparison. Mn/Ca, Fe/Ca and Al/Ca were determined along 
with Mg/Ca because clay contamination of the foraminifera tests can affect the Mg/Ca ratios 
resulting in overestimated SST (Barker et al., 2003). Our results indicate no significant Mg 
contributions due to Mn-oxides, Mn-rich carbonates or clay contamination because average 
Mn/Ca, Fe/Ca and Al/Ca were <0.1 mmol/mol. SST (T in °C) were calculated using the species-
specific equation given by Anand et al. (2003): Mg/Ca (mmol/mol) = 0.38 exp (0.090 T), with a 
standard deviation of ±1.1-1.4°C (Dekens et al., 2002; Anand et al., 2003). 
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Although G. ruber calcifies during the warmest month, recent studies revealed G. ruber reflects 
mean annual SST reliably due to natural averaging processes and is therefore most suitable for 
SST reconstructions in this region (Birch et al., 2013; Fallet et al., 2010). The modern average SST 
close to our study site is 27.3°C with an annual range of approximately 4°C (25°–29°C) (Damassa 
et al., 2006). Derived temperatures of the uppermost core samples are at the upper end of the 
annual range, which suggest our SST might represent a more seasonal signal due to seasonal 
variation of shell fluxes (Fallet et al., 2012). Alternatively, the given modern annual SST might be 
undervalued, since SST closer to the East African coast tend to be up to ~2 °C warmer than 
offshore (Fallet et al., 2012) and our SST reconstruction reflects the warmer coastal annual SST.  
  
 
3.4 Results 
The δ18O record of planktic G. ruber white s.s. (noted as δ18Op) shifts between -0.25 ‰ during 
glacial conditions and -2.2 ‰ during the Holocene (Fig. 3.3, b)). The deglacial decline of δ18Op 
starts at 18.2 kyr and shows a clear setback to higher values at 13 kyr, which appears to resemble 
the Greenland ice cores and therefore Northern Hemisphere climate variability. In contrast, the 
stable isotope records of benthic P. ariminensis (noted as δ18Ob and δ13Cb) and the SST record are 
out of phase with surface oxygen isotopes and resemble Antarctic climate variability. The δ18Ob 
(Fig. 3.3, f) shifts between 2.5 ‰ in the LGM and ~1 ‰ for the Holocene. The record exhibits a 
deglacial decline starting at 19.5 kyr, and a slackening of δ18Ob decrease during the Antarctic Cold 
Reversal (ACR). The record of surface carbon isotopes (Fig. 3.3, c) shows quite consistent values 
of 0.9−1.1 ‰ during the glacial and an abrupt increase of about 0.7 ‰ during the early Holocene to 
~1.4 ‰. The δ13Cb varies around 1.5 ‰ between 35−18.2 kyr (Fig. 3.3, e). Values decrease rapidly 
at 18.2 kyr (about 0.4 ‰), increase slightly about 0.1 ‰ during the ACR and reach a minimum of 
0.9 ‰ in the early Holocene. Starting at 10 kyr, δ13Cb gradually increases about 0.5 ‰ to Holocene 
levels of approx. 1.5 ‰. The Mg/Ca based SST record (Fig. 3.3, d) exhibits a deglacial variability 
similar to δ13Cb. The record shows a sudden temperature increase from ~25°C to 27°C at 18.2 kyr, 
an ACR-like temperature drop starting at 15 kyr, and a final increase to Holocene temperatures 
(28-29°C) at around 13 kyr. To sum up; the δ18Op surface signal can be linked to Northern 
Hemisphere (NH) climate variability, whereas both Mg/Ca based SST and benthic δ18Ob, as well as 
the timing of δ13Cb variability can be linked to Antarctic climate records.  
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Figure 3.3: Comparison of ice core records with data of GeoB12615-4 spanning the last 40 kyr. a) NGRIP 
stable oxygen isotopic record (Andersen et al., 2004). b) δ18Oplanktic record of GeoB12615-4 in ‰ VPDB. c) 
δ13Cplanktic record of GeoB12615-4 in ‰ VPDB. d) Shell Mg/Ca ratio of planktic foraminifera in mmol mol-1 and 
reconstructed SST record of GeoB12615-4 in °C. e) δ13Cbenthic record of GeoB12615-4 in ‰ VPDB. f) 
δ18Obenthic record of GeoB12615-4 in ‰ VPDB. g) EPICA Dome C ice core temperature estimates (Jouzel et 
al., 2007). 
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3.5 Discussion 
3.5.1 Oceanic tunnel transmitting Antarctic temperature 
It is a widespread feature of the Indian Ocean to show an Antarctic-style deglacial warming in 
surface temperature records (Govil and Naidu, 2010; Huguet et al., 2006; Levi et al., 2007; 
Mohtadi et al., 2010a), while surface δ18O varies independently of SST reconstructions and likely 
reflects the influence of the monsoon (Anand et al., 2008; Huguet et al., 2006; Levi et al., 2007). 
On the contrary, benthic δ18O records of intermediate depth carry a typical Antarctic signature 
(Anand et al., 2008; Jung et al., 2009; Lückge et al., 2012). The idea that SST variability in the 
equatorial western Indian Ocean is controlled by Antarctic temperature via SAMW has been 
proposed by Kiefer et al. (2006) and was corroborated by Naidu and Govil (2010). The authors 
suggest the “oceanic tunnel” mechanism (Liu and Yang, 2003), in form of SAMW that originates 
from subantarctic surface waters. After subducting and spreading northwards, SAMW returns to 
the surface in regions of equatorial upwelling and thus conveys surface water anomalies from the 
Subantarctic Zone to the tropical Indian Ocean. Here we confirm this interpretation by presenting a 
SST record from a location of modern SOIW influence that clearly shows simultaneous warming of 
the tropical western Indian Ocean and Antarctica (Fig. 3.3). We find that our data necessarily call 
for an oceanic mechanism that modulated SST variability, for two reasons: 
 
First, we can exclude that atmospheric processes controlled SST variability, because δ18Op of 
GeoB12615-4 with its distinct NH pattern differs so clearly from the SST data. This indicates two 
independent factors affect the surface water properties at our study site. Similarly, the Arabian Sea 
record from NIOP905 (Huguet et al., 2006) exhibits an Antarctic-style SST pattern as well, evident 
in two independent surface temperature proxy reconstructions (TEX86 and alkenones), while the 
corresponding δ15N record and planktic δ18O follows NH climate variability. The δ15N, a proxy for 
productivity changes, as well as planktic δ18O likely reflect the strength of the Arabian Sea Summer 
Monsoon (Ivanochko et al., 2005). If we conclude that our δ18Op reflects monsoon strength as well 
and hence is controlled by an atmospheric process following NH climate, then SST variability 
following Antarctic climate must be modulated differently. If atmospheric control can be ruled out, 
only oceanic control remains as a mechanism influencing SST.   
 
Second, the benthic record of GeoB12615-4 does not only exhibit a δ18Ob signal that is in phase 
with Antarctic temperature variability, but also shows a distinct carbon isotope minimum event 
(CIME) during the deglaciation (Ninnemann and Charles, 1997; Spero and Lea, 2002). This 
minimum is a common feature of both southern high latitude planktic δ13C profiles (Bostock et al., 
2004; Lopes dos Santos et al., 2012; Ninnemann and Charles, 1997; Pahnke and Zahn, 2005) and 
of tropical δ13C records of subthermocline and intermediate depth (Curry and Oppo, 2005; Oppo 
Chapter 3 – Deglacial intermediate water reorganization: new evidence from the Indian Ocean 
 
 
 
23 
and Fairbanks, 1989; Stott et al., 2009; Zahn and Stüber, 2002). Oppo and Fairbanks (1989) 
suggested CIME to be linked to SOIW, and Lynch-Stieglitz et al. (1994) and Ninnemann and 
Charles (1997) assumed that CIME at sites ventilated by SOIW reflect a preformed signal from 
Subantarctic surface waters. The combination of Antarctic-style benthic δ18O and benthic δ13C from 
site GeoB12615-4, showing a distinct deglacial minimum, confirms that the “oceanic tunnel“ in form 
of SOIW is the most likely mechanism controlling past SST in the western Indian Ocean.  
 
3.5.2 SOIW formation during the deglaciation 
If SST variability is controlled by SOIW, transmitting Antarctic temperature to the tropics, what in 
turn does the benthic δ13C record tell us about SOIW variability since glacial times? We first 
evaluate how the observed pattern in our benthic signal can be best explained by current concepts 
of deglacial δ13CDIC setting in the Southern Ocean. 
We then discuss how the spatial extent of SOIW may have varied since the last glacial by 
combining our findings in the western Indian Ocean with recent data that also focus on SOIW 
variability.  
 
Preformed δ13C of deglacial SOIW? 
As described above, the globally distributed deglacial δ13C minima (CIME) are consistently 
interpreted as reflecting deep upwelling in the Southern Ocean and intermediate distribution of old, 
δ13C depleted water (Spero and Lea, 2002). Moreover, findings of radiocarbon depleted 
intermediate waters during the deglacial have been reported from all oceans so far (Bryan et al., 
2010; Mangini et al., 2010; Marchitto et al., 2007; Stott et al., 2009; Thornalley et al., 2011), but 
there are just as many results where no old water could be found at intermediate water depths 
(Cléroux et al., 2011; De Pol-Holz et al., 2010; De Pol-Holz et al., 2012; Rose et al., 2010; Sortor 
and Lund, 2011). If the strong depletion in radiocarbon was the result of increased upwelling of a 
long-isolated carbon reservoir, it should exactly coincide with a δ13C minimum of the same water 
mass, just as described by Spero and Lea (2002). This is the case for sites with pronounced 
radiocarbon depletions, such as off Baja California (Marchitto et al., 2007) and south of Iceland 
(Thornalley et al., 2010). This hypothesis also holds for the Indian Ocean, if we combine the results 
of Geob12615-4 and recently published ventilation age reconstructions in the Arabian Sea: We 
compare δ13Cb of GeoB12615-4 to intermediate water ventilation (Δ14C (‰)), reconstructed from 
sediment cores RC27-14 and RC27-23 (Bryan et al., 2010), and see a remarkable similarity 
between the minima in our benthic carbon and highest values of intermediate water Δ14C, 
especially when comparing to RC27-14 (596 m water depth) (Fig. 3.4). Whereas other 14C 
anomalies that are likely transmitted by SOIW, indicate pulses of aged intermediate water during 
H1 and the Younger Dryas (Marchitto et al., 2007), the Arabian Sea records do not show high 
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ventilation ages during YD. Instead, we see very large benthos-plankton age differences and 
therefore the highest ventilation ages during the early Holocene in the Arabian Sea. This is exactly 
the same time interval when the lowest δ13Cb values are found in GeoB12615-4. Additionally, the 
signals of core RC27-14 (596 m) and GeoB12615-4 (446 m), both monitoring a similar water 
depth, correlate more explicitly, which argues for a large-scale connection and a watermass like 
SOIW to be the transmitter of both anomalies in the Indian Ocean. Therefore, we conclude that the 
bottom water signal of GeoB12615-4 reflects the deglacial evolution of the Southern Ocean and 
provides evidence of upwelled aged deep waters (Broecker, 1982) at high southern latitudes, 
which then flew northwards into all ocean basins as SOIW.  
Figure 3.4: Comparison of GeoB12615-4 and sediment records from the Arabian Sea. GeoB12615-4: 
δ13Cbenthic record in ‰ VPDB (green). Arabian Sea RC27-14 and RC27-23 (Bryan et al., 2010): 
intermediate water Δ14C as a measure for ventilation age. 
 
 
CIME caused by temperature-dependent fractionation? 
The carbon isotopic fractionation between atmosphere and ocean increases with decreasing 
temperature, with lower temperatures resulting in more enriched δ13C values of dissolved 
inorganic carbon (δ13CDIC) in seawater (Broecker and Maier-Reimer, 1992; Mackensen, 
2008). Though there is no region where surface ocean carbon is in complete isotopic 
equilibrium with the atmosphere, the effects related to air-sea gas exchange play an 
important role in defining the surface δ13CDIC, working in the opposite direction to the effect of 
biological cycling (Broecker and Maier-Reimer, 1992; Lynch-Stieglitz et al., 1995; 
Mackensen, 2012). Today, we find the highest δ13CDIC values of surface waters along the 
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Subantarctic Front (SAF), between 45° to 55°S, because of low circumantarctic temperatures 
and enhanced air-sea gas exchange (Broecker and Maier-Reimer, 1992).  
 
As the SST record and δ13Cb (reflecting SOIW) of GeoB12615-4 match so well during the 
deglaciation (Fig. 3.5), one could suggest that δ13Cb and therefore δ13CDIC of SOIW was 
simply the expression of temperature change at high southern latitudes, or in other words, 
the formation area of SOIW: During the LGM, δ13CDIC of sea-ice free surface seawater along 
the SAF was high due to low temperatures and high wind speed. A deglacial temperature 
rise may have decreased the thermodynamic fractionation and therefore led to lower values 
of surface δ13CDIC, always tracing centennial-scale Antarctic temperature variability. This 
signal was transferred to low latitudes as SOIW almost simultaneously. In fact, if we assume 
0.1 ‰ depletion of δ13CDIC per degree centigrade of cooling (Mook et al., 1974; Zhang et al., 
1995), we would expect a δ13C decrease of 0.35 ‰ for the deglaciation until the early 
Holocene, and this comes close to the observed ~0.5 ‰ shift in deglacial δ13Cb. Additionally, 
a displacement of the westerly wind belt (Lamy et al., 2004; Wyrwoll et al., 2000) may have 
reduced air-sea gas exchange of Southern Ocean surface waters, as proposed by 
Ninnemann and Charles (1997). According to this interpretation, deglacial δ13Cb of 
GeoB12615-4 as well as the global ocurrence of CIME at shallow depths can be entirely 
explained by Southern Ocean surface water temperature variability and accordingly altered 
thermodynamic fractionation during air-sea CO2 exchange at high latitudes, as originally 
proposed by Ninnemann and Charles (1997). Indeed, based on our data alone we could 
reason that the deglacial CIME in our record is a purely temperature-dependent signal.  
 
However, the corresponding radiocarbon depletions off Oman (Bryan et al., 2010) call for a 
mechanism that best explains the occurrence of both signals, CIME and radiocarbon 
depletions, detected in the same water mass; namely the mechanism proposed by Spero 
and Lea (2002). Nevertheless, since we cannot determine important prerequisites, such as 
the degree of equilibration between the surface ocean carbon and atmosphere, we cannot 
completely exclude a role for temperature-dependent fractionation during air-sea gas 
exchange in production of the deglacial CIME in SOIW.  
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Figure 3.5: Comparison of δ13Cbenthic record in ‰ VPDB (green) and SST record based on shell Mg/Ca 
ratio of planktic foraminifera in °C (pink) of GeoB12615-4. EH, YD, ACR and H1 indicate Early 
Holocene, Younger Dryas, Antarctic Cold Reversal and Heinrich event 1, respectively. 
 
 
An additional atmospheric pathway for transmission of CIME? 
The carbon isotope ratio of atmospheric CO2 (δ13Catm) experienced pronounced depletion 
during the deglaciation as well. New findings of δ13Catm (Schmitt et al., 2012) are likewise 
explained by the release of old carbon from the deep ocean, and are in line with the concept 
of deep-water outgassing proposed by Spero and Lea (2002). The atmospheric record 
shows δ13C minima during H1 and YD, which is in line with the timing of CIME synchronous 
with early H1 in many marine records, and also correlates with our benthic carbon isotope 
record (Fig. 3.6). Since a pronounced CIME without associated radiocarbon depletion has 
been identified in intermediate waters off equatorial Africa (Cléroux et al., 2011), one has to 
consider that both signals need not necessarily be coupled, even though they may arise from 
the same process. In the Philippine Sea, western Pacific, the carbon isotope minimum is 
recorded in both surface and subsurface water, but with differing amplitude and timing. The 
independent signals are thought to be formed by atmospheric CO2 imprint on the surface 
water in case of the surface signal, and by AAIW via the “oceanic tunnel” in case of that in 
the subsurface (Chen et al., 2011). So, the atmosphere can probably work as an additional 
pathway for transmitting the deglacial CIME to tropical oceans, which should be considered 
when interpreting deglacial δ13C profiles. Comparing our data (Fig. 3.6) to the δ13Catm record 
of Schmitt et al. (2012), the initial drop in both δ13Catm and δ13C of SOIW occurs 
synchronously, and is of the same magnitude (approx. 0.3 ‰). However, since 12.3 kyr BP 
both records vary independently. This mismatch, along with the synchronous peaks of old 
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carbon off Oman (Bryan et al., 2010), confirms that the “oceanic tunnel” (Liu and Yang, 2003) 
mechanism is configuring the intermediate water history at our site.   
 
 
Figure 3.6: Comparison of benthic carbon isotope record of GeoB12615-4 in ‰ VPDB (green) and Ice 
core reconstructions of atmospheric δ13C (δ13Catm) for the last 24 kyr (yellow, (Schmitt et al., 2012)). 
 
 
Enhanced glacial SOIW formation?  
A current hypothesis proposes an enhanced northward extension of AAIW during H1 and YD 
to the Arabian Sea (Jung et al., 2009). The benthic δ13C record of sediment core NIOP905 
(1580 m) from the continental slope off Somalia (Fig. 3.7, see Fig. 3.1 for core location) 
shows higher δ13C values during H1 and YD, which is suggested to reflect intensified AAIW 
formation and inflow to the Indian Ocean (Jung et al., 2009). Although NIOP905 is located 
close to our study site, we cannot confirm this suggestion, since our record does not show 
higher deglacial δ13C, compared to Holocene or glacial values. Instead, the δ13C datasets of 
NIOP905 and GeoB12615-4 are anticorrelated during the specific time interval of H1 and YD 
(Fig. 3.7). This means, when both hypotheses on deglacial SOIW variability in the western 
Indian Ocean are based on δ13C alone, they conflict with each other. Providing that deglacial 
SOIW formed as proposed by Spero and Lea (2002), carrying a pronounced δ13C minimum 
as a large-scale water mass signal, we suggest NIOP905 might not record SOIW at any 
time. Instead, it seems to record a watermass that is unaffected by the specific upwelling 
processes in the deglacial Southern Ocean, that led to both CIME and strong radiocarbon 
depletions in SOIW. It rather resembles the δ13Cb pattern observed in the mid-depth South 
Atlantic (Ziegler et al., 2013), representing one part of the “mid-depth overturning circuit” in 
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3.6 Conclusions 
In this study we present evidence that deglacial SST variability in the western Indian Ocean 
is primarily controlled by Antarctic air temperature, which was transmitted to the equatorial 
Indian Ocean on a subsurface pathway by SOIW. We discuss current concepts of what 
determines the deglacial SOIW δ13C signature, and we support the hypothesis (Spero and 
Lea, 2002) that deglacial upwelling of aged deep water in the Southern Ocean caused a drop 
in atmospheric, surface and subsurface ocean carbon isotopy (CIME) and thereby 
determines the SOIW signature recorded at our study site.  
 
Moreover, we discuss how our findings fit into the concept of enhanced SOIW inflow during 
the deglacial, and we cannot confirm increased extension of deglacial SOIW to the western 
Indian Ocean. We point out that hypotheses on SOIW variability in the past need to be 
constrained and, probably, expanded, by additional data. Finally, the question remains 
unanswered why regional (Marchitto et al., 2007) and global δ13C records (Schmitt et al., 
2012) consistently show a CIME during YD, while Indian Ocean SOIW exhibit a pronounced 
CIME and corresponding high ventilation ages (Bryan et al., 2010) during the Early 
Holocene.  
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Abstract 
The Indian Ocean is an important component of the global thermohaline circulation system, 
as its western boundary currents feed the Agulhas Current, an integral part of the Atlantic 
meridional overturning circulation. However, Indian Ocean intermediate to deep-water 
variability on glacial-interglacial timescales is still a matter of debate. Here we provide stable 
carbon and oxygen isotopes and sediment elemental compositions of a sediment core from 
the edge of the Somali Basin. We demonstrate that throughout the past 600 kyr the 
intermediate western Indian Ocean was primarily bathed by Southern Ocean sourced Upper 
Circumpolar Deep Water (UCDW). This Southern Ocean sourced water mass enters the 
Somali Basin via the Amirante Passage or the Mozambique Channel and represents a 
downstream equivalent of South Atlantic UCDW. We cannot clearly account for the short-
term passage of Red Sea Water (RSW) at 1500 m water depth along the African continental 
margin, as previously suggested, on glacial-interglacial timescales.  
 
 
4.1 Introduction 
The role of the Indian Ocean in global ocean circulation on glacial to interglacial timescales 
has been highlighted in the past decade, when the importance of the Agulhas Current 
System as a key component of the global ocean circulation was revealed (Beal et al., 2011). 
The Agulhas Current periodically supplies salt and heat from the Indian Ocean via the 
Agulhas Leakage at the southern tip of Africa to the Atlantic Ocean, and therewith has the 
potential to modulate the Atlantic overturning circulation (Biastoch et al., 2008). The western 
Indian Ocean boundary currents represent the source of the southward-flowing Agulhas 
Current. Compared to the Atlantic and some parts of the Pacific Ocean, our knowledge of 
past intermediate to deep-water circulation changes of the Indian Ocean is still limited.  
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McCave et al. (2005) first shed light on the glacial-to-interglacial variation of the deep and 
bottom water mass character and input strength via the deep western boundary current to 
the Indian Ocean.  Piotrowski et al. (2009) showed that a large proportion of North Atlantic 
Deep Water (NADW) reached the deep Central Indian Ocean (3800 m) via the Southern 
Ocean during interglacials, and less during glacials. Even though substantial efforts have 
been made in the past decades to unravel and refine the knowledge of Recent Indian Ocean 
hydrography and circulation (You, 1998; You, 2000; Mantyla and Reid, 1995; Fine, 1993; 
Fine et al., 2008), there seems to be some degree of uncertainty when it comes to 
reconstruct paleoceanographic variability above 2000 m. For example, the attribution of 
Antarctic Intermediate Water (AAIW) and its position and pathway northward into the Indian 
Ocean and subsequently its variability during different phases of the glacial-interglacial cycle 
is highly inconsistent. As a result, implications on the ocean's role in global climate change 
on glacial-interglacial time scale drawn from regionally restricted observations are often at 
odds with each other (Bryan et al., 2010; Jung et al., 2009). Here we aim to refine the 
intermediate Indian Ocean paleoceanography for the last 600 kyr by presenting a record of 
stable oxygen and carbon isotopes as well as of sediment total organic carbon (TOC), 
CaCO3, and elemental ratios from the western equatorial Indian Ocean (Fig. 4.1). As the 
intermediate and deep western boundary currents pass the study area, we aim to address 
the questions: (1) How did the intermediate-to-deep water hydrography in the western Indian 
Ocean change in the past? (2) Where did Red Sea Water (RSW) settle and pass by during 
the last 600 ka? 
 
4.2 Oceanographic framework 
The study Site GeoB12616-4 is located in the Somali Basin off Tanzania, East Africa, at 
06°58.77´S and 40°23.61´E in 1449 m water depth (Fig. 4.1). The deep Somali Basin is 
ventilated by the Southern Ocean via a deep western boundary current, flowing from the 
South Atlantic into the Crozet Basin, northwards into the Madagascar-Mascarene Basin and 
entering the Somali Basin through the Amirante Passage (Warren, 1978; McCave et al., 
2005; Mantyla and Reid, 1995). At the lowest level, the deep western boundary current 
transports Lower Circumpolar Deep Water (LCDW in the sense of Orsi (1999)), as an altered 
version of Antarctic Bottom Water with contributions of Weddell Sea Water (McCave et al., 
2005, Thomas et al., 2007). Upper Circumpolar Deep Water (UCDW) with contribution of 
North Atlantic Deep Water (NADW) between 2 and 3 km (You, 2000) fills the deep Indian 
Ocean. There are several sources that contribute to intermediate waters of the western 
Indian Ocean (Fine et al., 2008): Highly saline waters formed from the Red Sea outflow (Red 
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Sea Water, RSW) spread southwards along the East African continental margin (You, 1998), 
pass the 
 
Figure 4.1: Overview of the study area in the western Indian Ocean and its adjacent basins. A = 
Amirante Passage; MC = Mozambique Channel. Stars indicate sediment core positions discussed in 
the text: ODP 1088 (Hodell et al., 2003), WIND10K (McCave et al., 2005), GeoB12616-4 (this study), 
NIOP 905 (Jung et al., 2009) and GeoB3004-1 (Schmiedl and Mackensen, 2006). Arrows indicate 
water mass flow: UCDW (blue), IDW (green), and RSW (red), redrawn after McCave et al. (2005).
 
Mozambique Channel and feed the Agulhas Current (Beal et al., 2000; Fig. 4.1). There is 
evidence that Red Sea outflow was greatly reduced during the LGM (Rohling and 
Zachariasse, 1996) due to lower sea level. Further, Jung et al. (2001) suggested that RSW 
settled deeper in the water column (at ~1500 m) during the late deglaciation and the early 
Holocene. Low-salinity and highly oxygenated Antarctic Intermediate Water (AAIW) spreads 
northwards from between 800 and 1200 m water depth in the southwest Indian Ocean 
(Donohue and Toole, 2003; Ullgren et al., 2012), passes the Mozambique Channel via the 
undercurrent (Ullgren et al., 2012), and spreads in the equatorial Indian Ocean at roughly 
500 m water depth (You, 1998, Fine et al., 2008, Fig. 4.2). In combination with Subantarctic 
Mode Water (SAMW) from the southeast Indian Ocean, AAIW is the most significant 
ventilation source of the intermediate Indian Ocean, including the Arabian Sea (Fine et al. 
2008). Both AAIW and SAMW are supposed to be upwelled in the open ocean at 5°–10°S 
due to Ekman divergence (Schott and McCreary, 2001). The South Equatorial Current (SEC) 
dominates the surface water circulation at the study site. It is fed to a large part by the 
Indonesian throughflow and splits into north- and southward flowing branches off 
Madagascar, partly entering the Mozambique Channel (Schott et al., 2009). As part of the 
Indian Ocean subtropical gyre (Wyrtki, 1973) and because of the lack of substantial seasonal 
upwelling, the study area is characterised by low surface productivity. The thermocline depth 
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is steady and low-nutrient warm waters enable coral reef growth (McClanahan, 1988; Birch 
et al., 2013). 
 
 
 
 
Figure 4.2: (A) Latitudinal transect of the western Indian Ocean and Indian sector of the Southern 
Ocean showing the modern distribution of salinity (PSU). CTD profiles of salinity (B) and δ13CDIC (C) 
along Northeast and East Africa (WOCE Hydrographic Programme, 2002), displaying the principal 
water masses at different stations. CTD profile colours refer to coloured dots in map. Transect and 
map were created with Ocean Data View (www.odv.awi.de). 
 
 
 
 
 
34.6 34.8 35 35.2 35.4 35.6
salinity (PSU)
0
500
1000
1500
2000
w
at
er
 d
ep
th
 (m
)
0 0.5 1 1.5
?13CDIC
0
500
1000
1500
2000
w
at
er
 d
ep
th
 (m
)
EQ
30°S
60°E40°E
AAIW-SAMW
RSW
RSW
AAIW-SAMW
AAIW-SAMW
A
B C
GeoB12616-4
NIOP 905
WIND 10K
AAIW
AAIW
RSW
UCDW
Chapter 4 – Indian Ocean Deep Water Variability of the past 600 kyr 
 
 34 
4.3 Material and Methods 
4.3.1 Sampling 
The gravity core GeoB12616-4 (06°58.77´N 40°23.61´E) has been retrieved during Meteor 
Cruise M75 in February 2008 from 1449 m water depth (Savoye et al., 2013).  The gravity 
core, spanning 590 cm, was sampled in 2 cm intervals with a sample width of approximately 
1 cm. For elemental analysis, an aliquot of about 10 cm3 sediment of each sample was 
freeze-dried, grinded to fine powder and analysed for chemical parameters. For foraminifera-
based analysis, an aliquot of about 11−30 cm3 of the sediment was freeze-dried and 
subsequently wet sieved over 63 µm, 125 µm and 2 mm. We then dried the sieved sediment 
fractions at 40°C.  
 
4.3.2 Chronology 
The chronology of the sediment core is based on 3 AMS (accelerator mass spectrometer) 
radiocarbon analyses (Appendix 1) and on correlation of oxygen stable isotopes to the LR04 
stack (Lisiecki and Raymo, 2005) with the software AnalySeries (Paillard et al., 1996; Fig. 
4.3). The radiocarbon analyses were carried out at the Leibniz-Laboratory for Radiometric 
Dating and Isotope Research, Kiel. The planktic species Globigerinoides ruber that lives at 
approximately 50 m water depth (Birch et al., 2013) was used for each analysis. Measured 
radiocarbon ages were converted into calibrated ages before present (BP) using the Calib 
6.0 software (Stuiver and Reimer, 1986), based on the Marine09 calibration curve and a 
reservoir age correction of ΔR = 140 yrs (Southon et al., 2002). The sedimentation rate 
varies between 0.5 and 1.6 cm/kyr, which results in a time resolution of 1.3−4 kyr for the 
stable isotope sampling distance. 
 
 
 
Figure 4.3: age-depth plot of sediment core GeoB12616-4. 
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4.3.3 Stable isotopes 
For stable isotope analysis, 6-8 individuals of Globigerinoides ruber white, s.s. have been 
selected from the 250-300 µm fraction for each analysis. Two to four individuals of benthic 
foraminifer Cibicidoides wuellerstorfi were selected from the 2 mm - 125 µm fraction for 
analysis. Isotope measurements were performed using a Finnigan MAT 251 isotope ratio 
mass spectrometer coupled to the automatic carbonate preparation device Kiel II. Values are 
reported in δ-notation relative to Vienna Pee Dee Belemnite (VPDB), calibrated versus 
National Institute of Standards NBS19 international standard. Precision of measurements 
was better than ±0.08‰ for oxygen and ±0.06‰ for carbon isotopes, determined on an 
internal laboratory standard (Solnhofen limestone), measured over a one-year period 
together with samples. 
 
4.3.4 TOC, CaCO3 and N 
For analysis of total organic carbon (TOC), total carbon (TC) and nitrogen (N) in weight% 
(wt.%), homogenized dry bulk sediment (10 cm3) was treated with HCl to remove the 
carbonate. The prepared samples were analysed with an Eltra CS2000. The carbonate 
content of the total sediment was calculated as CaCO3 (wt.%) = (TC–TOC) * 8.33. Mass 
accumulation rates for TOC (g cm-2 kyr-1) were calculated as MAR TOC = TOC 
(wt.%)*DBD*LSR, where DBD is the dry bulk density of the sediment in g/cm3 and LSR is the 
linear sedimentation rate in cm/kyr.  
 
4.3.5 XRF scanning 
Element intensities of Fe and Ca were collected every 1 cm down core over a 1.2 cm2 area 
with 10 mm down core slit size, generator settings of 10 kV, a current of 350 µA, and a 
sampling time of 30 seconds directly at the split core surface of the archive half with XRF 
Core Scanner II (AVAATECH Serial No.2) at the MARUM - University of Bremen (Germany). 
The split core surface was covered with a 4 µm SPEXCerti Prep Ultralene1 foil to avoid XRF 
scanner contamination and desiccation of the sediment. The data have been acquired with a 
Canberra X-PIPS Detector (SDD; Model SXDP 15C-150-500) with 200eV X-ray resolution, 
the Canberra Digital Spectrum Analyzer DAS 1000, and an Oxford Instruments 50W 
XTF5011 X-Ray tube with rhodium (Rh) target material. Raw data spectra were processed 
by the analysis of X-ray spectra by Iterative Least square software (WIN AXIL) package from 
Canberra Eurisys. Fe/Ca ratios have been calculated from the raw data. The raw data has 
been cleaned for erroneous data resulting from non-ideal measurement conditions for XRF 
scanning, e.g. cracks in the sediment, uneven surface of the archive half, air bubbles below 
the Ultralene foil. 
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4.4 Results 
 
4.4.1 Stable isotopes 
 We generated a time series of stable oxygen and carbon isotope measurements on benthic 
foraminifer Cibicidoides wuellerstorfi and on planktic foraminifer Globigerinoides ruber white 
s.s. covering the last 600 kyr. The planktic and benthic oxygen isotope records, representing 
surface and deep-water variability in the western Indian Ocean, show glacial-interglacial 
amplitudes of 1.45‰ and 1.9‰, respectively, which is higher than the ice-volume related 
glacial-interglacial change of 1.1‰ (Shackleton, 2000). Both oxygen isotope records clearly 
show the alteration between glacial and interglacial intervals, even though the surface water 
record does not exhibit clear interglacial peaks during MIS 5.5 and MIS 7 (Fig. 4.4). The 
planktic carbon isotope record varies from 0.2 to 1.7‰ and shows an amplitude of 1.5‰.  
The values of the benthic carbon isotope record vary from -0.2 to 0.8‰ and display an 
amplitude of ~1‰. Both records show similar trends on glacial-interglacial timescale.  
 
4.4.2 Sedimentation rate, TOC, CaCO3, and C/N and Fe/Ca ratios 
The sedimentation rate varies from 1.56 to 0.51 cm/kyr and does not show any clear 
correlation to glacial-interglacial cycles (Fig. 4.4). The TOC content of the sediment varies 
from 0.09 to 0.3 wt.%. The CaCO3 content varies from 63 to 90 wt.%, and the nitrogen 
content varies from 0.06 to 0.2 wt.%. We calculated TOC accumulation rates (MAR TOC, g 
cm-2 kyr-1) in order to assess changes of TOC flux. The accumulation rate varies from 0.04 to 
0.26 g cm-2 kyr-1 (Fig. 4.4). The C/N ratio displays the balance between total organic carbon 
and mainly land-sourced nitrogen (from continental plants) and gives information on the land 
influence on marine sediments (e.g. Knies et al., 1998). The Fe/Ca ratio is used for the same 
purpose and denotes the terrestrial (Fe) versus the marine (Ca) origin of the sediment. High 
values of MAR TOC correlate with high Fe/Ca and C/N ratios (Fig. 4.4).  
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Figure 4.4: Stable carbon isotope, sediment accumulation and elemental ratio data of gravity core 
GeoB12616-4. Shaded bars indicate Marine Isotope Stages reflecting glacial intervals. 
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4.5 Discussion 
In the following discussion, we will mainly focus on the benthic δ13C record, as it gives us an 
idea about potential water mass changes in the intermediate Indian Ocean on glacial-
interglacial timescales. At the same time, we combine the stable carbon isotope data with 
sediment chemistry data, which are also modulated by biological processes in the water 
column and by potential continental influence on the study site. We further discuss how our 
results fit into the current view on past large-scale intermediate water mass changes in the 
Indian Ocean, especially the position of the RSW.   
 
 
4.5.1 Possible Paleoproductivity effects on the benthic δ13C signal 
In general, epibenthic foraminiferal δ13C reflects the nutrient content and the age of a bottom-
water mass (Duplessy et al., 1984; Curry et al., 1988). However, in areas with seasonally 
high surface productivity the accumulation and subsequent decomposition of organic matter, 
depleted in 13C, will decrease the δ13C of the ambient seawater at the ground. As a result, 
epibenthic foraminifera living in such an environment can record δ13C values that are 
negatively offset from bottom water values by up to 0.6‰ (Mackensen et al., 1993b). Today, 
the western Indian Ocean at 7°S does not experience considerable primary productivity 
(McClanahan, 1988; Birch et al., 2013), but higher surface productivity in the past could have 
altered the δ13C recorded by benthic foraminifera and therefore biased the “true“ bottom 
water signal. In the past decades, empirically derived equations have been published to 
estimate the primary production rate based on vertical organic carbon flux to the seafloor 
(Suess, 1980; Betzer et al., 1984; Berger et al., 1987). However, the striking correlation 
between primary production and mass flux does only hold for open-ocean sites far from 
potential sources of terrigenous sediment and will not apply closer to continental slopes 
(Betzer et al., 1984).  
 
In order to, at least roughly, estimate possible productivity changes in the past that could 
have biased the δ13C recorded by benthic foraminifera, we calculated MAR TOC (g cm-2 kyr-1) 
as a measure for the portion of organic matter that is buried in the sediment. In case of 
considerable productivity increases in the past, we would expect an increase in organic 
carbon flux and subsequently a correlation between planktic δ13C (high values indicating high 
export of “high 12C“ -phytodetritus), sediment TOC and low benthic δ13C. In general, the TOC 
content of the down-core sediment is low; MAR TOC show no systematic pattern related to 
the glacial-interglacial cycle (Fig. 4.4). When comparing MAR TOC values to the C/N and 
Fe/Ca ratios of the sediment, we notice coincidence of high accumulation rates of TOC with 
high Fe/Ca and high C/N ratios. As both ratios are consistently interpreted to indicate the 
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strength of terrigenous sediment supply, we suggest that the MAR TOC variability reflects 
terrigenous input from the African continent to a large part, most likely provided by the east 
African Rufiji and Pangani River. 
In comparison with the benthic δ13C record we see no systematic correlation. Phases with 
high MAR TOC do not correlate to low δ13C values, nor to high planktic δ13C values (Fig. 
4.4). This suggests that the study area did not experienced large variability or peaks of 
surface productivity during the last 600 kyr, and we conclude the benthic δ13C signal was not 
biased but reflects deep-water δ13CDIC throughout the record primarily.  
 
 
4.5.2 Different deep-water signals in the western Indian Ocean 
Based on a benthic δ13C record from the Somali Coast (NIOP 905, 1586 m water depth, 
Table 4.1), Jung et al. (2009) proposed that the Arabian Sea experienced inflow of southern-
sourced glacial AAIW during HS1 and the Younger Dryas indicated by high δ13C values (Fig. 
4.5). These results are in line with recent findings from the Pacific (Pahnke and Zahn, 2005) 
and Atlantic Ocean (Pahnke et al., 2008). However, they contradict the suggestion of Spero 
and Lea (2002), who proposed that AAIW shows a minimum in δ13C during the deglacial. 
Furthermore, the interpretation of the benthic δ13C profile at Site NIOP905 is at odds in terms 
of hydrography and carbon isotope values with several records that focus on deglacial AAIW 
variability as well (Bryan et al., 2010, Ziegler et al., 2013; Romahn et al., 2014). In addition, 
modern AAIW in the Indian Ocean does not reach the water depth of Site NIOP905 m at all; 
it rather ventilates the upper intermediate to thermocline level (Fine et al., 2008; Fig. 4.2).  
 
Core site  Lat.  Long.    water depth (m) Reference 
GeoB3004-1 14°36.3´N 52°55.2´E 1803 Schmiedl and Mackensen, 2006 
NIOP 905 10°46.01´N  51°57.04´E 1586 Jung et al., 2009 
GeoB12616-
4 06°58.77´S  40°23.61´E  1449 this study 
WIND 10K 10°07.5´S 47°33.57´E 2848 McCave et al., 2005 
ODP 1088 41°8.2´S 13°33.8´E 2082 Hodell et al., 2003 
 
Table 4.1: core sites discussed in the text.  
 
 
The study Site GeoB12616-4 (1449 m water depth) is located close to NIOP905 and should 
exhibit similar δ13C values, at least for the last 90 kyr, if both core sites were bathed by the 
same deep water today (Table 4.1). But when comparing both records with another, we see 
that bottom δ13C off Somalia is throughout 0.2 – 0.6‰ lighter than the signal off Tanzania 
(Fig. 4.5). What could lead to such a systematic difference in two such closely located sites 
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of equal water depth? Taking a look at modern hydrography, we see that both sites are 
located just below the high saline, low oxygen core of southward flowing RSW (Fig. 4.2). 
RSW originates from the marginal Red Sea and can be tracked as a highly saline warm-
water tongue, sinking to greater water depth on its way south along the western boundary, 
where it feeds the Agulhas Current (Beal et al., 2000). RSW has a δ13C signature of 0.1 -
0.2‰ in the modern Indian Ocean (Fig. 4.2, C) and settles between 300 and 600 m off 
Somalia and sinks to 800-900 m off equatorial East Africa (You, 1998, Fig. 4.2, B). One could 
argue, as both sites are located at the RSW-deep water interface (Fig. 4.2, A), and 
GeoB12616-4 shows on average much higher δ13C values than 0.1-0.2‰, while NIOP905 
does record lighter values, RSW might partly influence the bottom water signature of 
NIOP905. However, there is (1) profound evidence that Red Sea outflow was greatly 
reduced during glacials as a result of sea level lowstand (Siddall et al., 2003; Rohling and 
Zachariasse, 1996), and (2), as RSW tends to sink down on its way south, a potential impact 
on the bottom signal of NIOP905 should also affect the Site GeoB12615 as it is located 
downstream. Therefore, we suggest a possible influence of RSW is insufficient to explain the 
systematic mismatch of the two records.  
 
 
Figure 4.5: Comparison of δ13C profiles from the Arabian Sea (GeoB3004-1, Schmiedl and 
Mackensen, 2006, and NIOP905, Jung et al., 2009) in brown and green, the equatorial western Indian 
Ocean (GeoB12616-4, this study) in orange, and the southwest Indian Ocean (WIND10K; McCave et 
al., 2005) in black for the past 300 kyr. Note the systematic offset between the Arabian Sea cores and 
those from southern sites. 
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Today, GeoB12616-4 is located at the boundary between overlying RSW and Indian Deep 
Water (IDW), flowing to the south as well (You, 1998; Fig. 4.1). IDW represents an “aged“ 
type of UCDW, entering the Somali Basin and the Arabian Sea from the Madagascar-
Mascarene Basin via the Amirante Passage, as well as from the Central Indian Basin 
(McCave et al., 2005; Johnson et al., 1998; You, 2000). After transforming to IDW in the 
Arabian Sea, the aged water spreads southwards hereafter as a deep western boundary 
current. The presence of IDW in the Arabian Sea and the Somali basin is well documented. 
Comparison of the NIOP905 data with a sediment record from the Yemenite Coast 
(GeoB3004-1; 1803 water depth, Table 4.1), recording the IDW δ13C signature during the last 
190 kyr (Schmiedl and Mackensen, 2006) indicates that NIOP905 indeed seems to be 
bathed by IDW. In contrast, the benthic δ13C signal of GeoB12616-4 differs significantly (Fig. 
4.5). 
 
One possible scenario to explain this mismatch could be that the GeoB12616-4 profile 
consistently reflects IDW, whereas the two Arabian Sea δ13C time-series NIOP905 and 
GeoB3004-1 represent δ13CDIC of the IDW, but with a superimposed negative deviation due 
to very high phytodetritus supply as was suggested by Schmiedl and Mackensen (2006). 
This seems reasonable, as the Arabian Sea core sites are located just below the Arabian 
Sea high productivity area and the resulting Oxygen Minimum Zone, where high seasonal 
pulses of phytodetritus reach the ocean floor (Wyrtki, 1962, Wyrtki, 1973). Furthermore, the 
amplitude and variability of all cores is similar, but with a varying offset. Therefore a 
biological effect such as the “phytodetritus effect“ (Mackensen et al., 1993b) seems likely 
have altered the deep-water δ13CDIC of the Arabian Sea cores (Fig. 4.5).  
 
Another possible scenario is that Site GeoB12616-4 records primarily UCDW, but distributed 
on a different pathway. UCDW in combination with LCDW enters the western Indian Ocean 
from the South via the Crozet Basin into the Madagascar-Mascarene Basin, eventually 
entering the Somali Basin via the Amirante Passage (You, 2000; Fig. 4.1). In addition, there 
is evidence that, besides the southward flow of IDW, a northward flowing undercurrent exists 
in the Mozambique Channel (You, 2000; de Ruijter et al., 2002). This undercurrent flows 
along the African Coast between 2000 and 3000 m (You, 2000; de Ruijter et al., 2002) and 
transports UCDW with admixed NADW northwards. This transports two different deep-water 
masses to the sites along the East African continental margin: (i) IDW flowing southwards 
from the Arabian Seas, and (ii) UCDW following a route from the South Atlantic via Amirante 
Passage or, Mozambique Basin and Mozambique Channel directly to the Somali Basin. 
Accordingly it should be possible to track South Atlantic UCDW on its passage to the western 
Indian Ocean. Consequently we compare our study site data to a South Atlantic UCDW site 
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from the Agulhas Ridge (ODP 1088, 2082 m water depth, Hodell et al., 2003; Table 4.1), 
recording the last 1.1 Ma (Fig. 4.6). There is clear congruency between the records both in 
amplitude and in absolute δ13C values throughout the last 600 kyr, making it implausible that 
our data reveal an aged, long-distance travelled offspring of Southern Ocean UCDW, which 
on top of that passed the high-productivity zone of the Arabian Sea.  
 
 
 
 
Figure 4.6: Comparison of δ13C profiles from the Southwest Indian Ocean (WIND 10K, McCave et al., 
2005) in black, the equatorial western Indian Ocean (GeoB12616-4, this study) in orange, and the 
Southeast Atlantic (ODP 1088, Hodell et al., 2003) in blue. The three records show almost identical 
values, indicating all of them record UCDW primarily. For comparison to deep water sites below the 
“chemical divide“, the δ13C profile of ODP Site 1090 (a hybrid of piston core TTN057-6-PC4 and Site 
1090; Hodell, 2003) is added in purple. 
 
The glacial-interglacial amplitude of the δ13C bottom signal of GeoB12616-4 varies around 
0.75‰, which is much less than glacial-interglacial amplitudes of deep-water sites from the 
Southern Ocean (Mackensen et al., 1994; Mackensen et al., 2001; Ninnemann and Charles, 
2002; Hodell et al., 2003; Ziegler et al., 2013). It has been speculated about the existence of 
a “chemical divide“ in the deep South Atlantic between 2100 and 2700 m, (Hodell et al., 
2003) and in the South Pacific below 2000 m (McCave et al., 2008) during glacials; maybe 
as expression of a deep glacial ocean reservoir that sequestered atmospheric CO2 (Kwon et 
al. 2012; Skinner et al., 2010; Skinner et al., 2013). Accordingly, unlike sites below the 
chemical divide (Fig. 4.6), UCDW-bathed sites above vary with smaller amplitudes 
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throughout the Pleistocene and do not show such highly depleted glacial values (Hodell et 
al., 2003). We therefore propose that contrary to the δ13C time series from Arabian Sea sites 
NIOP905 and GeoB3004-1 that represent IDW variability during the Pleistocene with a 
possible phytodetritus- related overprint (Fig. 4.5), the δ13C profile of study Site GeoB12616-
4 further south represents a much younger UCDW, analogous to South Atlantic profiles just 
below the UCDW-NADW interface, such as ODP1088 (Fig. 4.6).  
 
This view is corroborated by a δ13C record from the eastern flank of the Madagascar Ridge, 
located in the main pathway of northward flowing UCDW to the Madagascar –Mascarene 
Basin. Sediment core WIND 10K (2780 water depth, McCave et al., 2005; Table 4.1) records 
UCDW δ13C for the last 200 kyr; this record exhibits almost identical values and amplitudes 
as the GeoB12616-4 δ13C profile (Fig. 4.6). The transit time for South Atlantic UCDW to core 
site WIND10K at the Madagascar Ridge and to GeoB12616-4 at the East African Coast, 
respectively, is equally short. Since we can exclude potential productivity-related 
“overprinting“ for both sites (McCave et al., 2005), both records reflect the stable carbon 
isotope signature of the same bottom water, i.e. the δ13CDIC of UCDW.  
 
 
5.3 Position of the Red Sea Water along the western boundary 
Jung et al. (2001) convincingly proposed the passage of RSW along the Somali continental 
slope between 10 and 6.5 kyr BP, based on Site NIOP905. The postglacial, reoccurring RSW 
is supposed to have settled about 800 m deeper in the water column due to its high salinity, 
compared to today. This interpretation is solely based on benthic δ18O variability, and the 
authors do not address the corresponding carbon isotope record. When comparing planktic 
and benthic δ18O records of GeoB12616-4 we see that during MIS 5, 9 and 11 planktic δ18O 
values decrease up to 5 kyr earlier than benthic ones (Fig. 4.4). This possibly may point to 
short-term injections of RSW at the core site, similar to those Jung et al. (2001) suggested. 
Furthermore, at Site GeoB12616-4 we would expect low benthic δ13C values, concurrent to 
high benthic δ18O related to the passage of RSW, and in fact, benthic δ13C rises concurrently 
to the benthic δ18O shifts during the beginning of MIS13, MIS11, MIS9, and MIS5. However, 
the time lag between surface and bottom δ18O could also likely reflect a time lag between 
surface and deep-water ages, due to the mixing time of the ocean basins (Skinner and 
Shackleton, 2005). In addition, the time resolution of sediment record GeoB12616-4 is 1.3−4 
kyr, and thus comparable to the time frame of the proposed deeper RSW settlement due to 
initial outflow (Jung et al., 2001). To conclude, based on the data presented here we feel that 
we are not able to acceptably address the re-establishment of RSW outflow and subsequent 
passage along the African western boundary and therefore can offer little to this discussion. 
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4.6 Conclusions 
We presented and discussed a combined record of benthic and planktic stable oxygen and 
carbon isotopes, sediment TOC, CaCO3,, and C/N and Fe/Ca ratios from Site GeoB12616-4 
at 1449 m in western Indian Ocean for the last 600 kyr. During the last 600 kyr this site was 
predominantly bathed by South Atlantic-equivalent UCDW, analogous to South Atlantic 
profiles below the UCDW-NADW interface, either entering the Somali Basin directly through 
the Mozambique Strait via Davies Ridge, or passing the Crozet and Madagascar-Mascarene 
Basins first and then entering via the Amirante Passage. The study site was not affected by 
substantial changes in surface water productivity during the past 600 kyr. Within sample 
resolution of this study, we cannot unambiguously verify that RSW passed the study site 
during times of short-term subsidence at initial Red Sea discharge.  
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Abstract 
Analogous to West- and North Africa, East Africa experienced more humid conditions 
between approximately 12 to 5 kyr BP, relative to today. While timing and extension of wet 
phases in the North and West are well constrained, this is not the case for the East African 
Humid Period. Here we present a record of benthic foraminiferal assemblages and sediment 
elemental compositions of a sediment core from the East African continental slope, in order 
to provide insight into the regional shallow Indian Ocean paleoceanography and East African 
climate history of the last 40 kyr. During glacial times, the dominance of a benthic 
foraminiferal assemblage characterized by Bulimina aculeata, suggests enhanced surface 
productivity and sustained flux of organic carbon to the sea floor. During Heinrich Stadial 1 
(H1), the Nuttallides rugosus Assemblage indicates oligotrophic bottom water conditions and 
therefore implies a stronger flow of southern-sourced AAIW to the study site. During the East 
African Humid Period, the Saidovina karreriana Assemblage in combination with sedimentary 
C/N and Fe/Ca ratios suggest higher river runoff to the Indian Ocean, and hence more humid 
conditions in East Africa. Between 8.5 and 8.1 kyr, contemporaneous to the globally 
documented 8.2 kyr Event, a severe reduction in river deposits implies more arid conditions 
on the continent. Comparison of our marine data with terrestrial studies suggests that 
additional moisture from the Atlantic Ocean, delivered by an eastward migration of the Congo 
Air Boundary during that time period, could have contributed to East African rainfall. Since 
approximately 9 kyr, the gaining influence of the Millettiana millettii Assemblage indicates a 
redevelopment of the East African fringe reefs.  
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5.1 Introduction 
The tropical Indian Ocean is a key region for late Pleistocene and Holocene paleoclimatic 
reconstructions, as it is governed not only by changes in strength of the Asian Monsoon, but 
also by asymmetric climatic variability of both hemispheres. Whereas Indian Ocean marine 
records south of 12°N document a link to the Southern Hemisphere (Jung et al., 2009; Naidu 
and Govil, 2010; Saraswat et al., 2013), continental records north of 20°S show Northern 
Hemisphere-controlled climate variability (Abell and Plug, 2000; Chase et al., 2011; Ivory et 
al., 2012; Truc et al., 2013). During the Glacial to Holocene transition, the African continent 
experienced fundamental hydrological changes with more humid conditions between ~12–5 
kyr BP, relative to today. The African Humid Period led to fundamental ecological changes, 
such as the greening of the Saharan desert and subsequent expansion of Neolithic 
civilizations. Whereas millennial-scale changes of the West- and North African monsoon and 
fluctuations of the tropical rain belt are well understood (Collins et al., 2011; deMenocal et al., 
2000b; Zarriess et al., 2011; Zarriess and Mackensen, 2010), this is not the case for East 
African monsoon and rainfall variability. Especially the so-called “East African Humid Period“ 
between 11 and 5 kyr (Tierney et al., 2011b) is a topic of current debate. On the continent, 
lake level studies suggest pluvial periods during the earliest Holocene (Garcin et al., 2009; 
Garcin et al., 2012; Gasse, 2000; Junginger et al., 2013; Junginger and Trauth, 2013), and 
geochemical data point to a complex moisture source history of East African rainfall (Costa et 
al., 2014; Konecky et al., 2011; Tierney et al., 2011a). In this study, we aim to reconstruct the 
runoff history of the equatorial East African continent into the Indian Ocean from marine 
sediments recording the environmental changes during the Glacial to Holocene transition. 
Therefore, we investigated the benthic foraminiferal assemblages as well as sediment 
elemental composition of a sediment core from the continental borderland at about 7°S. The 
benthic foraminiferal faunal composition is suggested to directly respond to both 
sedimentological and surface productivity changes.  
 
The last Glacial to Holocene evolution of the benthic foraminiferal faunal composition on the 
continental shelf and upper slope off East Africa has not been studied before. Earlier studies 
of benthic foraminiferal assemblages and their distribution in the Indian Ocean focused on 
the deep southeast Indian Ocean (Corliss, 1979; 1983), the Northern Indian Ocean (Gupta 
and Srinivasan, 1990) including the Red Sea, Arabian Sea and Bay of Bengal, and the 
Somali Basin (Gupta, 1994; 1997; Gupta and Satapathy, 2000; Gupta and Thomas, 1999), 
closest to our study site. In a recent study on the benthic foraminiferal fauna, De and Gupta 
(2010) cover a large part of the central Indian Ocean.  While most studies concentrate on 
deep-water environments, Murgese and De Deckker (2005; 2007), Murgese et al. (2008), 

Chapter 5 – Benthic Foraminiferal response to late Glacial and Holocene sea level rise and 
rainfall variability off East Africa 
 
 
 
48 
 
The ocean surface waters at 7°S experience no considerable monsoon-induced upwelling, 
as it is the case off coasts of Kenya and Somalia. The surface waters are stratified year-
round and characterized by low nutrient conditions (Birch et al., 2013; McClanahan, 1988). 
Well-oxygenized Subantarctic Mode Water (SAMW) and Antarctic Intermediate Water 
(AAIW) from the southeast and southwest Indian Ocean contribute largely to the thermocline 
and intermediate waters at 7°S (Fine et al., 2008). High salinity waters formed from Red Sea 
outflow (Red Sea Water, RSW) spread southwards along the East African continental margin 
(You, 1998), which can be identified at roughly 600–1400 m water depth close to our study 
site (Birch et al., 2013). As there is convincing evidence that Red Sea outflow was greatly 
reduced during the Last Glacial Maximum (LGM) due to lower sea-level (Rohling and 
Zachariasse, 1996), and the RSW settled deeper in the water column during the late 
deglaciation and early Holocene (Jung et al., 2001), we conclude that RSW did not affect our 
study site during the last 40 kyr. 
 
5.1.2 Control on benthic foraminiferal assemblages and organic carbon 
accumulation 
In the past three decades, based on the analyses of live (Rose Bengal stained) faunas, it has 
been emphasized that deep-sea benthic foraminiferal composition is controlled by a bunch of 
general environmental parameters, such as food supply and the depositional regime 
including sediment grain size and bottom current velocity, as well as physical and chemical 
properties of deep water masses including ventilation and carbonate corrosiveness (Gooday, 
1988; 2003; Fariduddin and Loubere, 1997; Loubere, 1991; Lutze and Coulbourn, 1984; 
Mackensen et al., 1985; Mackensen et al., 1995; Murray, 2001; Schmiedl and Mackensen, 
1997; Van der Zwaan et al., 1999). It was also recognized that species prefer different living 
depths within the sediment and are categorized as epifaunal (living at the sediment surface), 
shallow infaunal (0-2 cm) and deep infaunal (> 4 cm) (Corliss, 1985; Jorissen et al., 1992; 
Mackensen and Douglas, 1989; Corliss and Chen, 1988). The balance between organic flux 
and therefore the availability of food and pore-water oxygen content are thought to control 
the microhabitat occupancy (Jorissen et al., 1995). Further, the species microhabitat is not 
static (Linke and Lutze, 1993; Mackensen et al., 2000); specimens move within the sediment 
in response to varying food supply and changes in oxygen concentrations within the 
sediment pore waters (Moodley et al., 1998; Heinz et al., 2002).  
 
Chapter 5 – Benthic Foraminiferal response to late Glacial and Holocene sea level rise and 
rainfall variability off East Africa 
 
 
 
49 
In paleoceanography the accumulation rate of total organic carbon (TOC) was often used as 
a productivity proxy (Mackensen et al., 1994; Müller and Suess, 1979; Sarnthein et al., 1988; 
Knies et al., 1998). Similarly, the benthic foraminiferal accumulation rate (BFAR) was used 
for ocean surface paleoproductivity reconstructions in open ocean deep-sea sediments 
(Herguera and Berger, 1991). The validity of such down-core reconstructions strongly 
depends on a reliable calibration with sediment-trap and sediment surface data, and the 
amount of lateral organic matter supply close to continental margins (Schmiedl and 
Mackensen, 1997). However, since refractory organic carbon is biologically almost inert, 
BFAR is supposed to dominantly reflect the labile particulate organic matter supply, whereas 
TOC fluxes include resistant and refractory portions (Loubere and Fariduddin, 2003). So in 
environments with substantial terrestrial organic carbon input, the reconstruction of ocean 
surface primary productivity might be biased. To differentiate between refractory and labile 
organic matter, hence to quantify the amount of terrigenous input, Guichard et al. (1999) 
compared BFAR and TOC flux rates to gain insights into the quality and thus the origin of 
organic matter. Given that sedimentary organic matter flux is positively correlated to BFAR, 
varying input of terrigenous material will affect this relationship.   
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5.2 Material and Methods 
5.2.1 Sampling and age model 
The gravity core GeoB12615-4 was recovered during Meteor cruise M75 in February 2008 at 
07°08.30’S 39°50.45’W from 446 m water depth (Savoye et al., 2013). The 6.44 m long 
sediment core was sampled at 4 cm spacing with a sample width of 1 cm. For elemental 
analysis, an aliquot of about 10 cm3 sediment was freeze-dried, ground to fine powder and 
analysed for chemical parameters (see 5.2.2). An aliquot of about 11-30 cm3 was freeze-
dried and subsequently wet sieved over 63 µm, 125 µm and 2 mm. We then dried the sieved 
sediment fractions at 40°C. 
 
Sediment core chronology is based on 16 AMS (accelerator mass spectrometer) radiocarbon 
analyses as discussed in Romahn et al. (2014). Measured radiocarbon ages were converted 
into calibrated ages before present (BP) using the Calib 6.0 software (Stuiver and Reimer, 
1986). The linear sedimentation rate (LSR) in cm/kyr varies strongly between the Holocene 
(average of 46 cm/kyr, highest between ~ 8.7 and 8.2 kyr with 70 cm/kyr) and glacial times 
(below 10 cm/kyr) (Fig. 5. 3, a).  
 
 
5.2.2 Sediments and stable isotopes 
 
Oxygen stable isotopes 
For stable isotope analysis, 6-8 individuals of Globigerinoides ruber white, s.s. were  selected 
from the 250-300 µm fraction for each analysis. Three to four individuals of benthic 
foraminifer Planulina ariminensis were selected from the total fraction for analysis. Isotope 
measurements were performed using Finnigan MAT 251 and Finnigan MAT 253 isotope ratio 
mass spectrometers coupled to automatic carbonate preparation devices Kiel II and Kiel IV, 
respectively. Values are reported in δ-notation relative to Vienna Pee Dee Belemnite 
(VPDB), calibrated versus National Institute of Standards NBS19 international standard. 
Precision of measurements was better than ±0.08‰ for oxygen and ±0.06‰ for carbon 
isotopes, determined on an internal laboratory standard (Solnhofen limestone), measured 
over a one-year period together with the samples. 
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TOC, N and CaCO3 
For analysis of total organic carbon (TOC), total carbon (TC) and nitrogen (N) in weight% 
(wt.%), homogenized dry bulk sediment (10 cm3) was treated with HCl to remove the 
carbonate. The prepared samples were analysed with an Eltra CS2000. The carbonate 
content of the total sediment was calculated as  
CaCO3 (wt.%) = (TC–TOC) * 8.33 
Mass accumulation rates for TOC and CaCO3 (g cm-2 kyr-1) were calculated as  
TOC AR = TOC (wt.%) * DBD * LSR 
and 
CaCO3 AR = CaCO3 (wt.%) * DBD * LSR 
where DBD is the dry bulk density of the sediment in g/cm3 and LSR is the linear 
sedimentation rate in cm/kyr.  
 
 
XRF scanning 
Element intensities of Fe and Ca were collected every 2 cm down core over a 1.2 cm2 area 
with 10 mm down core slit size, generator settings of 10 kV, a current of 350 µA, and a 
sampling time of 30 seconds directly at the split core surface of the archive half with XRF 
Core Scanner II (AVAATECH Serial No.2) at the MARUM - University of Bremen (Germany). 
The split core surface was covered with a 4 µm SPEXCerti Prep Ultralene1 foil to avoid XRF 
scanner contamination and desiccation of the sediment. The data have been acquired with a 
Canberra X-PIPS Detector (SDD; Model SXDP 15C-150-500) with 200eV X-ray resolution, 
the Canberra Digital Spectrum Analyzer DAS 1000, and an Oxford Instruments 50W 
XTF5011 X-Ray tube with rhodium (Rh) target material. Raw data spectra were processed 
by the analysis of X-ray spectra by Iterative Least square software (WIN AXIL) package from 
Canberra Eurisys. Fe/Ca ratios have been calculated from the raw data. The raw data has 
been cleaned for erroneous data resulting from non-ideal measurement conditions for XRF 
scanning, e.g. cracks in the sediment, uneven surface of the archive half, air bubbles below 
the Ultralene foil. 
 
 
5.2.3 Faunal analysis and taxonomic remarks 
To determine the benthic foraminiferal assemblage composition we investigated the  >125 
µm fraction. Benthic foraminifera were counted from dried samples in 4 to 36 cm spacing, 
depending on the sedimentation rate. Between 300 and 1100 specimens per sample were 
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counted from aliquots of each sample. For identification of the benthic foraminiferal taxa see 
taxonomy appendix. All species of Lagena, Trochammina and all unidentified arenaceous 
species were grouped together as Lagena spp., Trochammina spp. and arenaceous species 
because of low relative abundances. The benthic foraminiferal number (BFN) was calculated 
from the number of individuals (N) larger than 125 µm per gram (g) dry bulk sediment. The 
benthic foraminiferal accumulation rate (BFAR, N cm-2 yr-1) was calculated as 
BFAR = BFN (Ng-1) * LSR * DBD. 
Species diversity H (S) was determined by calculating the Shannon-Wiener information 
equation (Buzas and Gibson, 1969). The absolute number of individuals for each species 
was converted into percentage (of each species) per sample. All species with a relative 
abundance exceeding 0.5% in at least 2 samples were included in further statistical 
treatment. Faunal assemblages were composed by Q-Mode (Varimax-rotated) Principal 
Component Analysis (SYSTAT, 2007) to reduce the large number of species and generate 
few foraminiferal assemblages (Mackensen et al., 1994; Schmiedl and Mackensen, 1997). 
Scanning electron microscope (SEM) images were prepared to illustrate species described in 
the text (Plates 1, 2 and 3).  
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5.3 Results 
5.3.1 Oxygen and carbon isotopes 
The δ18O record of planktic G. ruber white s.s. (noted as δ18Op) shifts between −0.25‰ 
during the glacial section and −2.2‰ during the Holocene (Fig. 5.2, b). The δ18O record of 
benthic P. ariminensis (noted as δ18Ob) (Fig. 5.2, g) shifts between 2.5‰ and ∼1‰ between 
Glacial and the Holocene. Both records are published and described in detail by Romahn et 
al. (2014).  
 
5.3.2 TOC, CaCO3 and C/N 
The TOC of the sediment varies between 0.66 and 0.26% during the last 38 kyr, where 
lowest values occur between 30–15 kyr and 8.4–7.2 kyr BP. TOC AR varies between lowest 
values throughout the Glacial period and higher rates during the Holocene (Fig. 5.2, c). The 
variability of TOC AR is highest during the early Holocene and peaks at 8.6–8.3 kyr. The 
CaCO3 content varies between 45 and 17% throughout the record, where higher values 
occur during the Glacial period (28–16 kyr) and the late Holocene (5 kyr–recent, Fig. 5.7, d). 
The record shows highest variability between 16 and 5 kyr with peak minimum values at 8.5 
kyr. CaCO3 AR is low throughout the glacial section of the record. CaCO3 AR increases 
rapidly at ∼12 kyr and shows high variability during the Holocene, with peak CaCO3 AR at 8.2 
kyr (Fig. 5.2, d). The C/N ratio is lower during glacial times (30–16 kyr) and increases then to 
peak at 12 and 5.5 kyr. A sharp minimum occurs at 8.3–7.5 kyr (Fig. 5.2, e). 
 
 
5.3.3 Elemental intensity (XRF) 
We obtained a high-resolution record of Fe and Ca intensity from XRF scanning for the 
element intensities of Fe and Ca. The Fe/Ca ratio of the sediment record generally shows 
lower values between 30–15 kyr and higher values at the transition from the last Glacial to 
the Holocene with peak values at about 10 kyr. This pattern is interrupted by a pronounced 
minimum at about 8.1 kyr (Fig. 5.5, f).  
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Figure 5.2: Comparison of ice core records with data of GeoB12615-4: (a) NGRIP stable oxygen 
isotope record (Andersen et al., 2004), (b) δ18O planktic record of GeoB12615-4 (in 0/00 VPDB), (c) 
Total organic carbon accumulation rate (g cm-2 kyr-1), (d) CaCO3 accumulation rate (g cm-2 kyr-1), (e) 
C/N ratio, (f) Fe/Ca ratio,  (g) δ18O benthic record of GeoB12615-4 (in 0/00 VPDB), (h) EPICA Dome C 
ice core temperature estimates (Jouzel et al., 2007). 
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5.3.4 Benthic foraminifera 
205 benthic foraminiferal species and 2 unidentified groups were identified in the sediment 
record. The absolute abundance of benthic foraminifera (BFN) varied between 1393 and 117 
and is highest during the Last Glacial Maximum and at 7.9 kyr (Fig. 5.3, c). The accumulation 
rate of benthic foraminifera (BFAR) is generally lower in the glacial section of the record, and 
peaks at 7.9 kyr (Fig. 5.3, b). Species diversity H(S) ranges between 3.6 and 4.5 throughout 
the record. It is lowest at 18 kyr, 11-10 kyr, and at 8.5 kyr BP (Fig. 5.3, d). Diversity is highest 
during the middle to late Holocene with an index of ∼ 4.  
 
The Q-mode Principal Component analysis with subsequent Varimax rotation differentiated 
between four principal components (PC), i.e. benthic foraminiferal assemblages, which 
explain 79% of total variance in the species distribution (Table 5.1). PC loadings of at least 
0.4 are considered to be relevant and are used for interpretation. The Bulimina aculeata 
Assemblage (PC2) is dominated by Bulimina aculeata (Plate 1, Figs. 19–22) and Cassidulina 
carinata (Plate 2, Figs. 1–5) and explains 19.7% of the total variance. It occurs only in the 
glacial section of the sediment record until 20 kyr (Fig. 5.3, f). Its influence shortly increases 
from 16 – 13 kyr, until it is replaced by the Saidovina karreriana Assemblage (PC1). The 
Saidovina karreriana (Plate 1, Figs. 1–5, 10) Assemblage with its associated species 
Bolivinita quadrilatera (Plate 1, Figs. 6–9, 11–12) and Trifarina cf. angulosa (Plate 1, Figs. 
13–18), explaining 26.5% of the total variance, dominates the deglacial and early Holocene 
from 15 – 8.7 kyr (Fig. 5.3, e). Since 9.5 kyr, the Millettiana millettii Assemblage (PC3), 
explaining 18.3% of the total variance, gains influence gradually and dominates the 
assemblage throughout the Holocene until Recent (Fig. 3, g). Lagena spp., Millettiana millettii 
(Plate 2, Figs. 6–12) and Rosalina australis (Plate 2, Figs. 13–15) show similar high scores 
and therefore comparable dominance. The Nuttallides rugosus (Plate 2, Figs. 16–22) 
Assemblage (PC4) with the associated species Globocassidulina subglobosa (Plate 3, Figs. 
1–6), explaining 14.5% of the total variance, dominates from 20 – 14 kyr (Fig. 3, h).  
  Dominant species Scores Associated species Scores Variance 
Q-PC1  Saidovina karreriana 7.74 Bolivinita quadrilatera 4.99 26.46 
   Trifarina angulosa   4.49  
Q-PC2 Bulimina aculeata 10.28 Cassidulina carinata 4.38 19.71 
Q-PC3     Lagena sp.  4.56 18.26 
 Millettiana millettii  4.48    
 Rosalina australis  4.28    
Q-PC4 Nuttalides rugosus 10.28 Globocassidulina subglobosa    4.89 14.54 
 
Table 5.1: Species composition of benthic foraminiferal Q-mode assemblages of core GeoB12615-4. 
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Figure 5.3: Down-core variability of GeoB12615-4. (a) Linear sedimentation rate (cm yr-1), (b) Benthic 
foraminifera accumulation rate (cm-2 yr-1), (c) Benthic foraminiferal number (number of individuals per 
gram), (d) Diversity expressed as Shannon-Wiener index, (e) Principal Component 1 loading, (f) 
Principal Component 2 loading, (g) Principal Component 3 loading, (h) Principal Component 4 loading. 
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5.4 Discussion 
We will first discuss environmental preferences of those dominant and characteristic benthic 
foraminiferal species that are grouped into four assemblages by principal component 
analysis. We then apply the deduced knowledge of paleoenvironmental requirements and 
preferences of these assemblages to interpret their down-core succession in concert with 
sedimentological proxies. We finally discuss the derived late Pleistocene and Holocene 
paleoceanographic evolution at the study site and the paleoclimatic variability on the 
adjacent East African continent. 
 
 
5.4.1 Benthic foraminiferal assemblages and environment 
 
The Rufiji River Assemblage (PC1) 
Principal Component 1 (PC1) is dominated by S. karreriana, also assigned to Loxostomum 
karrerianum or Bolivina karreriana (see Loeblich and Tappan, 1994, for synonyms) and 
associated with Bolivinita quadrilatera and Trifarina cf. angulosa. Saidovina karreriana is a 
shallow-water to deep-water species that is reported from the Timor Trough (Loeblich and 
Tappan, 1994), from the Gulf of Mannar, Bay of Bengal, in the Indian Ocean (Gandhi and 
Solai, 2010), from the shelf, continental margin and deep waters of New Zealand (Cameron, 
1995; Culver et al., 2012; Hayward et al., 2013), and the Rhone prodelta, Mediterranean Sea 
(Mojtahid et al., 2009). On the East African continental rise in the western Somali Basin, S. 
karreriana populates the sediment in water depths of 4000 m and seems to be associated 
with a low oxygen and high organic carbon bottom water environment (Gupta, 1997). Bartels-
Jónsdóttir et al. (2006; 2009) report the occurrence of S. karreriana in about 0.1 kyr-old 
sediments from the Tagus prodelta, off Lisbon, Portugal. The species seems to respond to 
anthropogenic pollution due to an increase in wastewater draining into the Tagus estuary, 
and thus its occurrence indicates a sudden environmental change in nutrient supply as well 
as oxygen conditions (Bartels-Jónsdóttir et al., 2006; 2009). Bolivinita quadrilatera is a 
shallow infaunal living species observed at the South Australian margin (Basak et al., 2009), 
and in the Bay of Biscay (Fontanier et al., 2003). In the Somali Basin, it is supposed to 
indicate sustained flux of organic matter from high surface productivity, and sluggish bottom 
water circulation (Gupta and Satapathy, 2000). Based on the reported occurrence in the 
vicinity of River deltas and estuaries, we link the occurrence of S. karreriana and B. 
quadrilatera to shelf environments under enhanced riverine influence.  
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Interestingly, in the Somali Basin an assemblage characterised by S. karreriana co-occurs 
with Trifarina angulosa (Gupta, 1997). Trifarina angulosa is a shallow infaunal, cosmopolitan 
species (De Stigter et al., 1998), which is commonly reported from shelf to upper continental 
slope areas under the influence of strong and persistent near-bottom flow velocities (Harloff 
and Mackensen, 1997; Hayward et al., 1994; Mackensen et al., 1985; Mackensen et al., 
1993a; Schönfeld, 2002). This species prefers fine to coarse sand, rich in pebbles and 
detritus (Mackensen et al., 1995; Murray and Pudsey, 2004). Trifarina angulosa is further 
reported from the Rhone prodelta, Mediterranean Sea, dominating during cold events under 
oligotrophic and high oxygen conditions, resisting high flow velocities. Furthermore, the 
species seems to show some opportunistic behaviour in matters of bottom water oxygenation 
and organic carbon flux (Cortina et al., 2011). We suspect Trifarina cf. angulosa to be a 
morphotype or close relative of T. angulosa (Plate 1, Figs. 13-15).  
 
In conclusion, we interpret the Saidovina karreriana Assemblage (PC1) as a fauna indicating 
riverine and fluvial sediment deposition, high-energy channel flow, typical for river delta and 
prodelta environments. Since our site of study is located in the vicinity of the Rufiji River 
delta, we call this assemblage the “Rufiji River Assemblage“.  
 
Enhanced Productivity Assemblage (PC2) 
Principal Component (PC2) is in the western equatorial Indian Ocean dominated by B. 
aculeata and associated with C. carinata. Bulimina aculeata is a shallow infaunal living 
species in the South Atlantic Ocean (Mackensen et al., 1993a), but intermediate to deep 
infaunal in the Arabian Sea (Gupta et al., 2008). It is regarded as an opportunistic species 
(Jannink et al., 1998), which prefers environments with high primary productivity and 
enhanced flux of organic matter to the sea floor (Mackensen et al., 1993a; Miao and Thunell, 
1996; 1993; Murgese and De Deckker, 2007). Whereas B. aculeata abundance does not 
seem to be related to low bottom water oxygenation in the South China Sea (Miao and 
Thunell, 1993; Miao and Thunell, 1996), these conditions apply for the Indian Ocean 
(Murgese and De Deckker, 2007; De et al., 2010). Bulimina aculeata was found in the 
northwestern Arabian Sea associated with moderate bottom water dissolved oxygen 
contents of 1.1–2.9 ml/l, and high dissolved phosphate and nitrate concentrations (De et al., 
2010). In the Arabian Sea, B. aculeata always was found below the Oxygen Minimum Zone 
(OMZ) (Almogi-Labin et al., 2000; Hermelin and Shimmield, 1990; Jannink et al., 1998; Sen 
Gupta and Machain-Castillo, 1993) and thus has been used as an indicator species for OMZ 
deepening (Schmiedl and Leuschner, 2005). 
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 As in our PC2, B. aculeata was often found associated with C. carinata in the Arabian Sea 
(De and Gupta, 2010; Gupta et al., 2011), in the South China Sea (Miao and Thunell, 1993), 
and the Mediterranean Sea (De Rijk et al., 2000). Cassidulina carinata is a shallow infaunal 
species tolerating a broad variety of habitats (e.g., Hayward et al., 2002), but commonly 
preferring eutrophic conditions with high fluxes of organic matter to the seafloor (Miao and 
Thunell, 1993; Gupta and Thomas, 1999; Almogi-Labin et al., 2000; De et al., 2010; De Rijk 
et al., 2000). In the Arabian Sea, C. carinata is common in the lower part of the OMZ off the 
Pakistan and Oman continental margins (Hermelin and Shimmield, 1990; Jannink et al., 
1998), while it is found below the OMZ in the northwestern Arabian Sea in an environment 
with intermediate oxygen contents of 1.7–3.3 ml/l and low phosphate and high nitrate values 
(De et al., 2010). 
 
In conclusion we interpret the B. aculeata Assemblage (PC2) in combination with its 
dominance during phases of sea-level lowstand and low diversity (Fig. 5.4) as benthic faunal 
response to high primary productivity with enhanced fluxes of organic matter to the seafloor; 
so generally indicating mesotrophic conditions. Therefore in the following, we name this 
fauna the “Enhanced Productivity Assemblage". 
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Figure 5.4: (a) δ18O planktic record of GeoB12615-4 (in 0/00 VPDB) in comparison to (b) Enhanced 
Productivity Assemblage (PC2) and (e) Low-Productivity Assemblage (PC4) including percentage of 
dominating species (c and d). 
 
 
The Coral Reef Assemblage (PC3) 
Principal Component 3 (PC3) is characterized by the highly diverse genus Lagena spp. as 
well as Millettiana millettii and R. australis. Different Lagena species are widely distributed 
and common in the Indian Ocean (Murgese and De Deckker, 2005; 2007; Murgese et al., 
2008; Peterson, 1984). Since the number of single specimens is generally low many authors 
lump different Lagena species for simplicity, and specific ecological preferences are not yet 
reported. In the following we regard the dominance of the Lagena group as an artifact due to 
the lumping of species and subsequent statistical treatment. 
Millettiana millettii, also assigned to Cymbaloporetta and Tretomphalus, (see Loeblich and 
Tappan (1994) for synonyms), is a shallow-water species reported from the central Pacific 
Ocean (Richardson and Clayshulte, 2003; Vénec-Peyré, 1991), from the Coral Seas in the 
northwestern Pacific (Hatta and Ujiie, 1992), and from the equatorial Indian Ocean off Kenya 
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(Banner et al., 1985). Millettiana millettii and some Rosalina species calcify a special float 
chamber in a temporary planktic phase during their life cycle, immediately prior to and during 
gametogenesis (Banner et al., 1985; Rückert-Hilbig, 1983; Sliter, 1965). As Banner et al. 
(1985) stated, the occurrence of float chamber-bearing species is exclusively reported from 
tropical and subtropical coral-reef-associated environments and from the Indo-Pacific only. 
Another widely distributed float chamber-bearing species is Rosalina globularis. Sliter (1965) 
found R. globularis living primarily on coralline algae off Malibu, California, whereas Sarkar 
and Gupta (2013) found it in 533 m water depth on the central plateau of the Maldives Ridge, 
equatorial Indian Ocean. Rosalina australis is a shallow-water species found off the Great 
Australian Bight (Cann et al., 2006; Li et al., 1999; Li et al., 1996) and in an estuarine bight in 
East Australia (Johnson and Albani, 1973).  
 
In conclusion, the Millettiana millettii Assemblage (PC3) is characterized by a few shallow 
water taxa that are abundant in the vicinity of estuaries, on coral reefs and shallow shelf 
platforms (Richardson and Clayshulte, 2003; Vénec-Peyré, 1991; Bock, 1982; Martínez-
García et al., 2013). The occurrence of M. millettii as a species having a planktic life stage 
and being clearly associated with coral reefs, suggests that the development of the broad 
fringe reefs off the East African coast (Obura et al., 2000) is one of the controlling factors of 
this assemblage. High species diversity, correlating explicitly with PC3 high loadings (Figs. 
5.3, d and e), can also be linked to the sea-level rise related flooding of the shelf and the 
development of coral communities and a coral reef-associated environment along the 
Tanzanian shoreline. Therefore, we call the Millettiana millettii Assemblage the “Coral Reef 
Assemblage“.  
 
The Low-Productivity Assemblage (PC4)   
Principal component (PC4) is dominated by Nuttallides rugosus and associated with 
Globocassidulina subglobosa. Nuttallides rugosus, sometimes erroneously lumped with 
Nuttallides umbonifer (see Loeblich and Tappan, 1994 for synonyms), is an epifaunal 
(Jorissen et al., 1998) to shallow infaunal (Licari et al., 2003) cosmopolitan species, 
populating water depths between some hundred and 2500 m, bathed by North Atlantic Deep 
Water in the eastern South Atlantic Ocean (Schmiedl, 1995). In the Arabian Sea, N. rugosus 
is abundant in about 2000 m water depth off Oman (Kurbjeweit et al., 2000; Schmiedl and 
Leuschner, 2005). Schmiedl and Leuschner (2005) selected N. rugosus as an indicator 
species for the presence of well-oxygenated deep waters in the Arabian Sea, and hence 
shoaling of the OMZ. Furthermore, several authors linked N. rugosus to low surface 
productivity, low organic carbon flux, high oxygen concentrations of bottom water and 
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generally oligotrophic conditions (Licari et al., 2003; Fontanier et al., 2002). Kurbjeweit et al. 
(2000) presented an assemblage reconstruction from the bathyal to abyssal Arabian Sea, 
where N. rugosus is associated with G. subglobosa; this assemblage is correlated to a high-
oxygenated environment.  
 
The co-occurrence of the closely related species Nuttallides umbonifer and G. subglobosa 
seems to be systematic in the deep Arabian Sea (Gupta et al., 2008). Gupta et al. (2006) 
suggested that N. umbonifer, thriving under extreme oligotrophic conditions, is outcompeted 
by Bulimina species when the organic matter flux becomes high and sustained. 
Globocassidulina subglobosa is an infaunal cosmopolitan species associated with low to 
intermediate food flux, low to moderate seasonality and high bottom water oxygenation in the 
Indian Ocean (De et al., 2010). It is reported to be abundant in commonly oligotrophic, well-
ventilated environments in the southeastern Indian Ocean (Singh and Gupta, 2004), and in 
the South Atlantic in combination with vigorous bottom currents (Mackensen et al., 1995; 
Schmiedl and Mackensen, 1997). Its co-occurrence with N. rugosus in an assemblage 
pointing towards a well-ventilated environment is observed from the Arabian Sea as well 
(Kurbjeweit et al., 2000). Murgese and De Deckker (2007) and Murgese (2003) found high 
abundances of G. subglobosa in the eastern Indian Ocean, between Indonesia and Australia, 
denoting low organic carbon fluxes and high dissolved oxygen contents in intermediate water 
depth.  
 
In conclusion we interpret the N. rugosus assemblage (PC4) as an indicator of low organic 
matter supply and well-ventilated bottom waters. Therefore we dub this fauna the “Low-
Productivity Assemblage“.  
 
5.4.2 Last Glacial Maximum and early deglaciation (H1) 
Between 38 kyr and ~13 kyr the faunal successions at our study area are determined by 
alternating dominance of the Enhanced Productivity (PC2) and Low-Productivity (PC4) 
Assemblages. The Enhanced Productivity Assemblage, characterized by B. aculeata and C. 
carinata, dominates during phases of sea level lowstand (Fig. 5.4, d and e). High loadings of 
PC2 during this period indicate high organic carbon fluxes and may suggest more sustained 
surface water productivity in this shallow-water environment and subsequently high, 
sustained flux of labile organic matter to the sea floor. The global sea level was 115 m lower 
than today and the East African shoreline was probably located much closer to the position 
of the study site. A shallower water depth of about 330 m closer to the shelf break and the 
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coast during glacial times might have favoured a higher portion of labile organic matter 
reaching the sea floor. As the sea level rose, the environment might have gradually changed 
towards more oligotrophic conditions in support of species like N. rugosus and G. 
subglobosa, adapted to low food supply. At ~18 kyr, synchronous with H1, the Low-
Productivity Assemblage dominates the faunal composition (Fig. 5.4, b and c). This probably 
indicates the most oligotrophic environment during the last 40 kyr at this site. Murgese and 
De Deckker (2007) reported a G. subglobosa- dominated assemblage from the subtropical 
Indian Ocean, which peaks during H1 until the middle Holocene. This assemblage off the 
Australian coast in the eastern Indian Ocean indicates high dissolved-oxygen levels and very 
low surface productivity, interpreted as a response to a stronger inflow of AAIW during this 
particular time period. In the western Indian Ocean in turn, the dominance of our Low-
Productivity Assemblage during H1 may indicate similar conditions, which can be interpreted 
analogously as ultimately caused by an increased supply of younger and nutrient-poor AAIW. 
A lower deglacial sea level must have impeded substantial influence of Indonesian 
Throughflow water to the subsurface and intermediate water masses off the East African 
coast and would have likely allowed for a higher proportion of AAIW and SAMW there (Bryan 
et al., 2010; Swallow, 1984).  
 
5.4.3 East African Humid Period (13.8 – 8 kyr) 
At 13.8 kyr, the Rufiji River Assemblage gains influence and dominates the benthic fauna 
until about 8 kyr. High loadings of this assemblage (PC1) are in line with a gradual but steep 
increase of the sedimentation rate as well as the accumulation of organic matter (TOC AR) 
since ~12 kyr until ~8 kyr (Fig. 5.5, a, d and e). The characteristic species of the Rufiji River 
Assemblage S. karreriana and especially B. quadrilatera are found in Recent estuarine and 
delta environments, potentially adapted to high fluxes of "old" refractory organic matter. 
Analogously we here interpret high loadings of PC1 as a response to enhanced riverine 
deposition. If terrigenous input increases, more refractory organic matter in comparison to 
labile compounds deposits, influencing not only the benthic foraminiferal species composition 
but also the absolute size of the population, i.e., the BFN.  
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Figure 5.5: Down-core variability of GeoB12615-4. (a) Rufiji River Assemblage (PC1), (b and c) 
percentage of dominant species, (d) Linear sedimentation rate (cm kyr-1), (e) Total organic carbon 
accumulation rate (g cm-2 kyr-1), (f) Fe/Ca ratio, (g) C/N ratio. 
 
 
To test whether the quality of organic matter was poor during times of dominating Rufiji River 
Assemblage, i.e. to control whether the portion of degraded more refractory organic matter 
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was high, we analysed BFAR and TOC AR after Guichard et al. (1999). The authors 
assumed BFAR is predominantly controlled by labile organic matter flux rather than by 
refractory particles. Sedimentary organic matter flux is positively correlated to BFAR, but 
during times of higher terrigenous organic matter input and higher refractory portion, BFAR 
values are lower than average (Fig. 5.6). Times of higher primary productivity, and therewith 
times when a higher portion of labile organic carbon reaches the seafloor relative to total 
organic matter, result in a higher BFAR relative to TOC AR (Fig. 5.6). All data during times of 
high possible riverine influx (PC1 dominance) plot below the regression line, hence organic 
matter quality was poor and potentially of terrestrial origin. This especially holds when the 
sedimentation rate was highest (~8.6-8.3 kyr) and the relative abundance of the river-runoff 
indicator species S. karreriana peaks (Fig. 5.5, b).  
 
 
Figure 5.6: BFAR (N cm-2 yr-1) as a function of TOC AR (g cm-2 kyr-1). We plotted data points of the 
core section when the Rufiji River Assemblage (PC3) reaches high loadings (green), late Holocene 
data points (light blue), early deglacial and Glacial data points (dark blue). R = 0.16. 
 
This interpretation is further supported by the iron to calcium (Fe/Ca) ratio, based on 
elemental intensity measured by XRF scanning, as well as by the organic carbon to nitrogen 
(C/N) ratio of the total sediment (Fig. 5.5, f and g). In general, the Fe/Ca ratio helps to 
estimate the terrestrial (Fe) versus the marine (Ca) origin of the sediment. The C/N ratio is 
used for the same purpose and gives information on the land influence on marine sediments. 
Both constructed records coincide with the Rufiji River Assemblage (PC1) variability (Fig. 
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5.5, a) and indicate high terrestrial input during times when PC1 loading is highest; i.e. when 
Rufiji River runoff was active.  
 
Apparently, the dominance of our characteristic Rufiji River Assemblage (PC1), as well as 
Fe/Ca and C/N ratios indicate pluvial conditions in the drainage area of Rufiji River between 
~12 kyr and ~8kyr, coinciding with the so-called “East African Humid Period“ (Tierney et al., 
2011). The East African Humid Period was probably caused by a precipitation increase 
during the East African dry season, and hence less rainfall seasonality. Tierney et al. (2011) 
suggested that (i) additional moisture transport from the Atlantic Ocean due to weaker trade 
winds and (ii) higher rainfall in northeast and easternmost Africa due to higher sea-surface 
temperatures in the western Indian Ocean, create the complex picture of East African 
paleohydrology. Indications of more humid conditions in continental easternmost Africa 
derived from our marine record are consistent with numerous records that indicate a major 
post-deglacial transgression in the East African Rift Lakes (Gasse, 2000, Garcin et al., 2012; 
Junginger et al., 2013; Garcin et al., 2009) as well as in Lake Challa, a crater lake close to 
Mt. Kilimanjaro and closest to our study site (Verschuren et al., 2009)(Fig. 5.1). It is 
interesting to note that considerably high surface runoff shortly prior to 8.6 kyr is recorded in 
Lake Tana, Ethiopia (Marshall et al., 2011), concurrent to the remarkably high sedimentation 
rates and S. karreriana abundance in GeoB12615-4, and thereby exceeding discharge from 
8.6 - 8.2 kyr.  
 
5.4.4 The 8.2 Event 
After 8.3 kyr, the Rufiji River discharge ebbs away, documented by a rapid decline in 
sedimentation rate, Fe/Ca ratio, C/N ratio and a steep decrease in PC1 loadings (Rufiji River 
Assemblage) alternated by high loadings of the Coral Reef Assemblage PC3 (Fig. 5.7, a and 
b). The BFAR and calcite contents of the sediment, as well as PC3 loadings and diversity 
increase, probably because less terrigenous input favours the development of a highly 
diverse epifauna (Fig. 5.7, c, d and e). In addition, we record lowest Fe/Ca and C/N ratios 
between 8.2 and 7.7 kyr, obviously the result of very low terrigenous supply (Fig. 5.7, g).  
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Figure 5.7: Down-core variability of GeoB12615-4 between 6 – 16 kyr BP. (a) Rufiji River Assemblage 
(PC1), (b) Coral Reef Assemblage (PC3), (c) BFAR (N cm-2 yr-1), (d) CaCO3 (weight%), (e) Diversity 
expressed by Shannon-Wiener index, (f) LSR (cm kyr-1), (g) Fe/Ca ratio. 
 
 
This sudden shift towards drier conditions in the Rufiji River basin fits into the picture of East 
African paleohydrology of that time. Around 8 kyr, lake level reconstructions as well as 
surface runoff proxy data, such as the Branched and Isoprenoidal Tetraether (BIT) index 
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from Lake Challa, (Verschuren et al., 2009) consistently recorded a severe reduction of East 
African rainfall (Fig. 5.8, c). Furthermore, a high-resolution ice core from Mt. Kilimanjaro 
records a peak in aerosol concentration at ~8.4 -8.2 kyr, associated with dry lake basins 
during that period (Thompson et al., 2002). In addition, there is robust evidence for a severe 
weakening of the Indian Summer Monsoon around 8.3 kyr (Dixit et al., 2014), as well as a 
steep decrease of Blue Nile water discharge (Revel et al., 2010), maybe due to considerably 
reduced runoff into Lake Tana, Ethiopia, the source of the Blue Nile (Marshall et al., 2011). 
Finally, a new hydrogen isotope record (δDwax) from Lake Tana documents an abrupt 
transition of the moisture source of Ethiopian rainfall at 8.5 ka (Costa et al., 2014) (Fig. 5.8, 
b). The most likely concept to introduce a different moisture source is a more eastward 
position of the Congo Air Boundary during the early Holocene until 8.5 kyr, which allows 
Atlantic Ocean-sourced moisture with differing isotopic signature to admix with Northeast 
African rainfall (Costa et al., 2014). Additional rainfall originating from the Atlantic Ocean 
further caused a water-level highstand in paleo-Lake Suguta, Kenya, during the East African 
Humid Period (Junginger and Trauth, 2013; Junginger et al., 2013) and we suggest it could 
also account for wetter conditions in the Rufiji River catchment area further south (Fig. 5.1).  
 
 
Figure 5.8: Comparison of (a) Rufiji River runoff estimation based on GeoB12615-4, (b) Lake Tana 
(Ethiopia) moisture source reconstruction (Costa et al., 2014), (c) Lake Challa (Tanzania) runoff 
reconstruction (Verschuren et al., 2009).  
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5.4.5 Mid-Holocene to Recent 
Concurrent and due to the rapidly rising sea level (Fig. 5.9, a), the Rufiji River delta 
retrogrades, gaining distance to the study site and subsequently a stable, highly diverse 
benthic ecosystem develops. This is expressed by high loadings of the Coral Reef 
Assemblage PC3 (Fig. 5.9, b) and high species diversity (Fig. 5.9, c) since 8.5 kyr until 
recent times. This implies that the East African fringe reefs redeveloped simultaneously to 
postglacial sea level rise (Arthurton, 2004). This is corroborated by Holocene coral reef 
sequences from Mayotte Island, located between Madagascar and northern Mozambique 
and close to our study site (Camoin et al., 1997). The barrier Reef off Mayotte started to grow 
suddenly and relatively quickly at 9.6 kyr, with most rapid accretion rates from 9.6 kyr until 
~7kyr (Camoin et al., 1997). This is exactly the time interval when the Coral Reef 
Assemblage dominates between ~8.4 -7.9 kyr the benthic foraminiferal fauna in sediment 
record GeoB12615-4. Therefore, our data confirm earlier dating of the Tanzanian fringe reef 
development. As the postglacial marine transgression reached its mid- to late Holocene 
steady state, a stable tropical ecosystem with high biodiversity sustained as indicated by the 
on-going dominance of the Coral Reef Assemblage.  
 
Figure 5.9: Comparison of Sea Level reconstructions (a) (Siddall et al., 2003; Peltier and Fairbanks, 
2006), (b) Coral Reef Assemblage loadings, (c) Diversity expressed by Shannon-Wiener index, (d) 
percentage of dominant species M. millettii.  
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5.5 Conclusion 
We generate a new geochemical and benthic foraminiferal record from the upper continental 
slope off Tanzania, East Africa to investigate the impact of postglacial sea level rise as well 
as monsoonal rainfall variability on the African continent. We find that during glacial times, 
when the global sea level was lower, the surface productivity was enhanced, and we suggest 
sustained flux of organic carbon to the sea floor. During H1, potential oligotrophic bottom 
water conditions indicate a potential greater influence of young, nutrient-poor AAIW on the 
equatorial Indian Ocean. The rising sea level and subsequent flooding of the narrow 
Tanzanian shelf favoured the redevelopment of the East African fringe reefs since the early 
Holocene (~9 kyr), as stated before (Camoin et al., 1997).   
The benthic foraminiferal fauna at our study site is most considerably controlled by the Rufiji 
River runoff history and therewith by equatorial East African rainfall variability. We suggest 
that humid conditions during the East African Humid Period (12-5 kyr) and its sudden 
interruption at 8.2 kyr can be best explained with an eastward migration of the Congo Air 
Boundary (CAB) during this time period, as suggested before (Junginger and Trauth, 2013; 
Costa et al., 2014).  
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5.6 Taxonomy and Plates 
 
 
Saidovina karreriana (Brady 1881)                                                    Plate 1, Figure 1– 5, 10 
 
*1881 Bolivina karreriana Brady 
1937 Loxostoma karreriana  -- Cushman, pl. 21, fig. 17 
1991 Brizalina karreriana  -- van Marle, pl. 18, fig. 4-8 
1994 Saidovina karreriana -- Jones, pl. 53, fig. 19-21 
1995 Loxostomum karrerianum  -- Cameron, pl. 4, fig. j 
1997 Loxostomum karrerianum (Bolivina karrerianum) -- Gupta, no plate 
2009 Saidovina karreriana -- Mojtahid, pl. 1, fig. 10 
2010 Saidovina karreriana -- Hayward, pl. 20, fig. 26-28 
2013 Saidovina karreriana -- Hayward, pl. 1, fig. 6.21 
 
 
Bolivinita quadrilatera (Schwager 1866)                                      Plate 1, Figure 6–9, 11–12 
 
*1866 Textilaria quadrilatera Schwager -- pl. 7, fig. 103 
1942 Bolivinita quadrilatera - Cushman, pl. 1, fig. 1-4 
1964 Bolivinita quadrilatera -- LeRoy, pl. 2, fig. 37-38 
1980 Bolivinita quadrilatera -- Srinivasan and Sharma, pl. 6, fig. 22-23 
1991 Bolivinita quadrilatera -- van Marle, pl. 61, fig. 4-6 
1994 Bolivinita quadrilatera -- Loeblich and Tappan, pl. 219, fig. 7-12 
1995 Bolivinita quadrilatera -- Cameron, pl. 4, fig. i +n 
2000 Bolivinita quadrilatera -- Gupta and Satapathy, pl. 2, fig. 6 
2010 Bolivinita quadrilatera -- Hayward, pl. 17, fig. 15-16 
 
 
Trifarina cf. angulosa, Trifarina angulosa (Williamson, 1858)           Plate 1, Figure 13–18 
 
*1858 Uvigerina angulosa Williamson, pl. 5, fig. 140 
1884 Uvigerina angulosa -- Brady, pl. 74, fig. 15-16 
1988 Angulogerina angulosa -- Loeblich and Tappan, pl. 574, fig. 5-9 
1990 Trifarina angulosa -- Mackensen, pl. 1, fig. 1-3 
1992 Trifarina angulosa -- Barmawidjaja, pl. 3, fig. 18 
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1992 Trifarina angulosa -- Schiebel, pl.3, fig. 1 
1993a Angulogerina angulosa -- Mackensen, pl. 1, fig. 1-2 
1994 Angulogerina angulosa -- Loeblich and Tappan, pl. 250, fig. 13-20 
2001 Trifarina angulosa -- Hayward, pl. 1, fig. SS, TT 
2005 Trifarina angulosa -- Morigi, pl. 2, fig. 10 
2009 Trifarina angulosa -- Milker, pl. 2, fig. 2 
2010 Trifarina angulosa -- Hayward, pl. 21, fig. 12-16 
2012 Angulogerina angulosa -- Milker, pl. 21, fig. 2-4 
 
Remarks: Trifarina cf. angulosa is suggested to be a morphotype of Trifarina angulosa 
(Williamson). 
 
 
Bulimina aculeata D´ORBIGNY 1826                                                       Plate 1, Figure 19–22 
 
*1826 Bulimina aculeata d´Orbigny 
1985 Bulimina aculeata  -- Mead, pl. 1, fig. 4 
1986 Bulimina aculeata  -- Van Morkhoven et al., pl. 7, fig. 1-3 
1989 Bulimina aculeata  -- Van Leeuwen, pl. 7, fig. 7-9 
1990 Bulimina aculeata  -- Mackensen et al., pl. 2, fig. 1-3 
1990 Bulimina aculeata  -- Hermelin, pl. 2, fig. 9 + 13 
1993a Bulimina aculeata  -- Mackensen et al., pl. 1, fig. 3-4 
1994 Bulimina aculeata  -- Gupta, pl. 3, fig. 5-6 
1995 Bulimina aculeata  -- Schmiedl, pl. 2, fig. 11 
1997 Bulimina aculeata  -- Sen Gupta, pl. 1, fig. 11 
1998 Bulimina aculeata  -- Jannink, pl. 1, fig. 8 
1999 Bulimina aculeata  -- Kuhnt, pl. 2, fig. 6 
2009 Bulimina aculeata  -- Milker et al., pl. 2, fig. 21 
2012 Bulimina aculeata  -- Milker et al., pl. 20, fig. 19 
2013 Bulimina marginata f. aculeata -- Hayward, pl. 1, fig. 6.8 
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Cassidulina carinata SILVESTRI 1896                                                         Plate 2, Figure 1–5 
 
*1896 Cassidulina carinata Silvestri 
1983 Cassidulina carinata -- Nomura, pl. 3, fig. 5, pl. 4, fig. 5,pl. 23, fig. 6-9 
1988 Cassidulina laevigata -- Loeblich and Tappan, pl. 555, fig. 1, 5 
1990 Cassidulina carinata -- Hasegawa et al., pl. 4, fig. 1, 2 
1991 Cassidulina carinata -- Rasmussen, pl.1, fig. 7, no. 1 
1994 Cassidulina laevigata var. carinata -- Jones, pl. 54, fig. 2-3 
1994 Cassidulina carinata -- Loeblich and Tappan, pl. 220, fig. 7-12 
2001 Cassidulina carinata -- Szarek, pl. 17, fig. 1-2 
2001 Cassidulina carinata -- Hayward, pl. 1, fig. 14, FF 
2008 Cassidulina carinata -- Abu-Zied, pl. 2, fig. 1-2 
2013 Cassidulina laevigata -- Martinez-Garcia, pl. 1, fig. 6-7 
 
 
Millettiana millettii (Heron-Allen & Earland 1915)                                  Plate 2, Figure 6–12 
 
*1915 Cymbalopora millettii -- Heron-Allen & Earland, pl. 51, fig. 32-35 
1884 Cymbalopora (Tretomphalus) bulloides d´Orbigny sp. -- Brady, pl. 102, fig. 9  
1924 Tretomphalus millettii -- Cushman, pl. 11, fig. 4 
1983 Cymbaloporetta milletti -- Rückert-Hilbig, pl. 3, fig. 1-6 and pl. 6, fig. 1-6 
1985 Cymbaloporetta (Millettiana) millettii  -- Banner, Pereira and Desai, pl. 4, fig. 1-10 
1988 Millettiana millettii -- Loeblich and Tappan, pl. 648, fig. 7-11 
1994 Millettiana millettii -- Jones, pl. 102, fig. 9  
1994 Tretomphalus atlanticus -- Gupta, pl. 4, fig. 13-14, 15-16 + pl. 5, fig. 10-13?? 
1994 Millettiana millettii -- Loeblich and Tappan, pl. 329, fig. 1-12 
2001 Millettiana millettii  -- Szarek, pl. 22, fig. 13-14 
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Rosalina australis (Parr 1932)                                                               Plate 2, Figure 13–15 
 
*1932 Discorbis australis Parr 
1884 Rosalina valvulata d´Orbigny -- Brady (in Jones, 1994, pl. 87, fig. 5-7) 
1994 Rosalina australis -- Jones, pl. 87, fig. 5-7 
2006 Rosalina australis -- Quilty & Hosie, pl. 1, fig. 12-13 
2012 NOT Rosalina australis -- Strotz, fig. 5.1 
 
 
Nuttallides rugosus (Phleger & Parker 1951)                                      Plate 2, Figure 16–22 
 
*1951 Pseudoparrella? rugosus - Phleger & Parker, pl. 15, fig. 8, 9 
1954 Epistominella rugosa -- Parker, pl. 10, fig. 24,25 
1994 Nuttallides umbonifera -- Gupta, pl. 5, fig. 16 only! 
1992 Epistominella rugosa -- Schiebel, pl. 5, fig. 10 
1994 Nuttallides rugosus -- Loeblich and Tappan, pl. 350, fig. 11-13 
1997 Osangularia rugosa -- Sen Gupta, pl. 1, fig. 7-8 
1999 Epistominella rugosa -- Kuhnt, pl. 1, fig. 7 
2001 Nuttallides rugosus -- Szarek, pl. 22, fig. 15-17 
 
 
Globocassidulina subglobosa (Brady 1881)                                            Plate 3, Figure 1–6 
 
*1881 Cassidulina subglobosa Brady 
1979 Globocassidulina subglobosa -- Corliss, pl. 3, fig. 12-13 
1988 Globocassidulina subglobosa -- Loeblich and Tappan, pl. 557, fig. 18-23 
1991 Globocassidulina subglobosa -- van Marle, pl. 10, fig. 10-11 
1994 Globocassidulina subglobosa -- Jones, pl. 54, fig. 17 
1994 Globocassidulina subglobosa -- Wells, pl. 5, fig. 6 
1994 Globocassidulina subglobosa -- Gupta, pl. 2, fig. 17-18 
2000 Globocassidulina subglobosa -- Gupta and Satapathy, pl. 1, fig. 2 
2001 Globocassidulina subglobosa -- Hayward, pl. 1, fig. 14QQ 
2001 Globocassidulina subglobosa -- Szarek, pl. 16, fig. 16-17 
2009 Globocassidulina subglobosa -- Milker, pl. 2, fig. 16 
2010 Globocassidulina subglobosa -- Hayward, pl. 20, fig. 4-6 
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Cibicides sp. 1                                                                        Plate 3, Figure 11–14 
 
 
Remarks: The wall is calcareous and coarsely perforate on both sides. The test is strongly 
biconvex from peripheral view. Sutures are distinct, radial and curved on the spiral side. The 
aperture is a marginal slit, restricted to the spiral side, and it is bordered by a lip. The test 
surface is covered with large, elevated pores on both sides.  
 
 
Globocassidulina pacifica (Cushman 1925)                                        Plate 3, Figure 15–18 
 
*1925 Cassidulina pacifica Cushman 
1994 Globocassidulina pacifica -- Jones, pl. 113, fig. 8 
 
 
Ammonia beccarii (Linné 1758)                                                            Plate 3, Figure 19–21 
 
*1758 Nautilus beccarii Linné 
2001 Ammonia beccarii -- Szarek, pl. 26, fig. 13-15 
2005 Ammonia beccarii -- Morigi, pl. 1, fig. 3a - 3b 
2004 NOT Ammonia beccarii -- Mendes, pl. 1, fig. 1a - 1b 
2012 NOT Ammonia beccarii -- Milker, pl. 27, fig. 1-2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 5 – Benthic Foraminiferal response to late Glacial and Holocene sea level rise and 
rainfall variability off East Africa 
 
 
 
76 
 
 
 
 
 
 
Plate Ι (Scale: 100µm). 1–4: Saidovina karreriana (Brady), lateral view; 5, 10: apertural view. 
6–9: Bolivinita quadrilatera (Schwager), lateral view; 11: apertural view; 12: apical view. 13–
15, 18: Trifarina cf. angulosa (Williamson), lateral view; 16+17: apertural view. 19+21: 
Bulimina aculeata (Brady), lateral view; 20+22: apertural view.  
 
 
 
 
 
Plate ΙΙ (Scale: 100µm). 1–3: Cassidulina carinata Silvestri, spiral side; 4: apertural view; 5: 
lateral and apertural view. 6–7: Millettiana millettii (Heron-Allen & Earland), spiral side; 8: 
lateral view; 9+10: umbilical side; 11: M. millettii with balloon chamber, lateral view; 12: apical 
(basal?) view. 13+14: Rosalina australis (Parr), spiral side; 15: umbilical side. 16–17: 
Nuttallides rugosus (Phleger & Parker), spiral side; 18–20: umbilical side; 21–22: lateral and 
apertural view.  
 
 
 
 
 
Plate ΙΙΙ (Scale: 100µm). 1–2, 5: Globocassidulina subglobosa (Brady), spiral side; 3–4: 
apertural view; 6: lateral view. 7: Cibicidoides wuellerstorfi (Schwager), lateral and apertural 
view; 8, 10: spiral side; 9: umbilical side. 11: Cibicides sp. 1, spiral side; 12–13: umbilical 
side; 14: lateral and apertural view. 15: Globocassidulina pacifica (Cushman), apertural view; 
16, 18: lateral view; 17: lateral and apertural view. 19: Ammonia beccarii (Linné), spiral view; 
20: umbilical view; 21: lateral view.  
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Chapter 6 – Summary and future perspectives 
 
 
The studies comprising this thesis reveal past climate variability on centennial-, millennial- 
and glacial-interglacial-scale in the tropical western Indian Ocean, with respect to 
atmosphere-ocean coupling and deglacial CO2 exchange, deep-water variability and global 
ocean circulation, and hydrological changes in the tropics. For this purpose, we used planktic 
and benthic foraminiferal stable oxygen and carbon isotope analyses, planktic foraminiferal 
Mg/Ca paleothermometry, benthic foraminiferal assemblages as well as geochemical 
parameters of two sediment cores. The presented studies focus on three different aspects of 
paleoenvironmental evolution of the western Indian Ocean and contribute to current, highly 
debated issues in the field of paleoclimate research. This summary gives a résumé of the 
key findings of this thesis and addresses future perspectives.  
 
 
(Q1) What was the control mechanism of tropical SST in the past and how does the tropical 
Indian Ocean respond to past climate system changes?  
 
In this study (Chapter 3), we confirmed previous suggestions (Kiefer et al., 2006) that SST 
variability in the western Indian Ocean is intimately coupled to and primarily controlled by the 
Southern Hemisphere, i.e., the Southern Ocean. The particular mechanism involved is the 
“oceanic tunnel“ mechanism (Liu and Yang, 2003), which describes the transmission of 
Southern Ocean temperature patterns via the subsurface flow path of Southern Ocean 
Intermediate Waters (SOIW, Pena et al., 2013), such as AAIW and SAMW, towards the 
tropical oceans. We furthermore discussed potential impacts on the deglacial SOIW δ13C 
signature, and in comparison with SOIW 14C profiles from the Arabian Sea, we show that the 
recorded deglacial Carbon Isotope Minimum Event (CIME, Ziegler et al., 2013) at our site 
most likely reveals a profound change in Southern Ocean overturning circulation (Spero and 
Lea, 2002), leading to a modification in ocean-atmosphere CO2 exchange. The reintroduction 
of carbon-oversaturated Southern Ocean deep waters to the Southern Ocean overturning 
circulation by removal of a physical barrier (such as Antarctic sea ice) at the beginning of 
Heinrich Stadial 1 (H1) (Marshall and Speer, 2012; Skinner et al., 2010; Skinner et al., 2013; 
Skinner et al., 2014), led to the effective rise in atmospheric CO2, and a simultaneous 
decrease in atmospheric, surface and subsurface δ13C signature and 14C activity (Schmitt et 
al., 2012, Parrenin et al., 2013; Fairbanks et al., 2005; Hughen et al., 2006; Reimer et al., 
2013). However, the exact timing and development of CIME from different archives differs 
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profoundly. While other records indicate a strong CIME during the Younger Dryas (Schmitt et 
al., 2012, Marchitto et al., 2007), our SOIW δ13C profile and the Arabian Sea SOIW 14C 
profile (Bryan et al., 2010) show an early Holocene minimum peak, which yet have not been 
sufficiently addressed.   
 
Future perspectives: 
The interpretation of δ13C profiles is complex, as different processes affect the stable carbon 
isotope signature of seawater in varying proportions and, not least, the isotopic ratio 
incorporation into biogenic calcite. To date, there is no published high-resolution deglacial 
record of a SOIW site worldwide, where carbon isotope minima consistently match 
concurrent minima of radiocarbon activity, i.e., where additional ventilation age 
reconstructions confirm the current interpretation of CIME. All recent results, which show a 
strong deglacial increase of intermediate water ventilation ages, are from upwelling sites with 
high surface productivity (Marchitto et al., 2007, Bryan et al., 2010, Stott et al., 2009). The 
conditions in such an environment substantially decrease epifaunal benthic abundance that 
is needed to establish a robust intermediate water δ13C profile. To further refine our 
knowledge of past carbon cycle changes and global ocean circulation, the combination of 
past ventilation age reconstructions, based on radiocarbon analyses, and δ13C profiles from 
different low-productivity intermediate water sites is needed. The study area of the tropical 
western and southwestern Indian Ocean is most suitable for this purpose, since (1) the 
SOIW preferentially flow along the western boundary, and (2) relatively low surface 
productivity at sites in the Indian Ocean subtropical gyre results in a benthic foraminifera 
fauna that enables the construction of robust benthic δ13C records. In addition, the 
establishment of an Mg/Ca-based SST record that covers glacial-interglacial timescales 
would help to further reinforce the “oceanic tunnel“ mechanism acting as a main control of 
past tropical SST.  
 
 
(Q2) Did the deep western boundary current of the Indian Ocean experience profound water 
mass changes over glacial-interglacial timescales?  
 
In this study (Chapter 4), we reconstructed the hydrographic history of the deep western 
boundary current along the East African continental margin by applying stable oxygen and 
carbon isotopes, in combination with sediment elemental composition of a core from an 
intermediate to deep-water site off Tanzania. In comparison with glacial-interglacial δ13C 
profiles from the deep South Atlantic, we show that the upper level of the deep western 
boundary current is predominantly fed by South Atlantic-equivalent UCPD from below the 
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UCDW-NADW interface (Hodell et al., 2003) during the past 600 kyr. However, the possible 
short-term passage of RSW cannot sufficiently be affirmed (Jung et al., 2001). The time 
resolution of GeoB12616-4 is too low to record the proposed deeper RSW settlement during 
initial outflow without ambiguity. From a broader perspective, the water mass geometry of the 
deep western boundary current is more complex than previously assumed. 
 
Future perspectives: 
More studies from deeper sites along the western boundary current pathway are needed to 
trace potential water mass changes in deeper levels of the boundary current. The application 
of (1) other water mass proxies, such as Nd isotopes (εNd) from marine sediments, deep 
dwelling planktic or benthic foraminifera (Roberts et al., 2010; Elmore et al., 2011; Klevenz et 
al., 2008; Kraft et al., 2013) can help to clearly assess intrusion of northern-sourced waters 
from the marginal seas, i.e., the Red Sea or the Persian Gulf, to ultimately estimate the 
contribution of these waters to the greater Agulhas System on glacial-interglacial timescales. 
Furthermore, the application and calibration of benthic Mg/Ca paleothermometry has made 
significant progress in the last years (Rosenthal et al., 1997; Martin et al., 2002; Lear et al., 
2002; Rathmann et al., 2004; Marchitto and deMenocal, 2003; Curry and Marchitto, 2008; 
Rosenthal, 2007; Huang et al., 2012) and provides an ideal method to reconstruct past 
salinity changes at different intermediate to deep water sites, when combined with benthic 
oxygen isotope measurements. This setup could further help to assess the source of 
potential water mass intrusions along the western African continental margin.  
 
 
 
(Q3) Do benthic foraminiferal assemblages and marine sediment parameters from the East 
African continental margin help to evaluate past hydrological and environmental changes of 
the African continent? 
  
In this study (Chapter 5) Benthic foraminiferal assemblages and sediment geochemistry from 
the upper continental slope off Tanzania, East Africa, reveal the impact of monsoon driven 
rainfall variability on the African continent and postglacial sea level rise on the marine 
paleoenvironment. The benthic foraminiferal fauna responded dynamically to changes in 
Rufiji River runoff and hence to equatorial East African rainfall variability, as well as to its 
sudden decrease at 8.5 kyr, coeval with the globally recorded 8.2 kyr event (Alley et al., 
1997). Our results support earlier reconstructions of timing and extent of the East African 
Humid Period from terrestrial archives (Tierney et al., 2011a; Junginger and Trauth, 2013; 
Costa et al., 2014; Verschuren et al., 2009; Thompson et al., 2002). Furthermore, the 
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western Indian Ocean experienced slightly enhanced surface productivity during times of sea 
level lowstand (glacial period), and more oligotrophic conditions due to a potential greater 
influence of nutrient-poor AAIW during H1. Finally, the flooding of the narrow Tanzanian shelf 
during postglacial sea level rise favoured the redevelopment of the East African fringe reefs, 
as previously suggested by Camoin et al. (1997). 
 
Future perspectives: 
Although this study highlights the utility of benthic foraminiferal assemblage reconstructions 
as recorders of past environmental conditions both on land and in the ocean, their 
applicability could considerably be improved by supporting (Rose Bengal stained) surface 
sediment studies from both the shelf and the upper slope regions along the African coast. 
Further research could focus on the potential effect of seasonal supply of labile organic 
matter compounds (phytodetritus) versus seasonally supplied degraded material (terrestrial 
remains) on the composition and standing stocks of benthic foraminiferal faunas. The 
combination of benthic foraminiferal census data with geochemical sediment parameters 
would allow assessing the quality of organic matter and possibily allow differentiating 
between these two sources.  
  
Furthermore, East African meteorology is complex due to the diversified topography of the 
continent (Nicholson, 1996). An eastward migration of the Congo Air Boundary (CAB) during 
the East African Humid Period (12-5 kyr) has been suggested to supply additional Atlantic 
Ocean-sourced rainfall to the East African Rift Valley and to Ethiopia (Junginger and Trauth, 
2013; Costa et al., 2014), and might also have contributed to the rainfall anomalies in the 
Rufiji River drainage area during that time period. To better understand changes in zonal 
moisture flux (Tierney et al., 2011a) further research could involve the investigation of 
benthic foraminiferal assemblages off smaller rivers along the Northeast and East African 
coast. 
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Appendices 
The appendices contain data that were established within the framework of this thesis. 
Additional data that contributed to the publications but were provided by co-authors are not 
included in the appendices. All data presented in this study will be available online in the 
PANGAEA database (http://www.pangaea.de). 
 
 
Appendix 1: AMS radiocarbon analyses details of sediment cores GeoB12615-4 and 
GeoB12616-4. Measured 14C radiocarbon ages were converted into calibrated ages before 
present (BP) by applying a reservoir age correction of ΔR = 140 yrs (Southon et al., 2002) 
using the Calib 6.0 software (Stuiver and Reimer, 1986), based on the Marine09 calibration 
curve.
 
Label Core depth (cm) Planktic foraminifera species
measured 14C 
AMS age (yr)  error (yr)
calibrated 
Calendar 
age (yr BP)
error (yr)            
(1 σ)
KIA 46245 20 G.ruber, G. sacculifer, G. aequilateralis 1375 ± 25 766 ± 39
KIA 43717 88 G. sacculifer, G. aequilateralis, G. conglobatus 2555  +35 / -30 2049 ± 53
KIA 43716 112 G. sacculifer, G. aequilateralis, G. conglobatus 3175  ± 35 2794 ± 42
KIA 43715 160 G. sacculifer, G. aequilateralis, G. conglobatus 3995 ± 30 3814 ± 55
KIA 44976 272 G.ruber, G. sacculifer, G. aequilateralis 6225  ± 35 6505 ± 55
KIA 43714 308 G. sacculifer, G. aequilateralis, G. conglobatus 7820 ± 45 8128 ± 66
KIA 46244 344 G.ruber, G. sacculifer, G. aequilateralis 8305  ± 40 8645 ± 68
KIA 44977 420 G.ruber, G. sacculifer, G. aequilateralis 9795 ± 50 10526 ± 45
KIA 44978 444 G.ruber, G. sacculifer, G. aequilateralis 10520 ± 55 11552 ± 51
KIA 46243 461 G.ruber, G. sacculifer, G. aequilateralis 11685 ± 55 13032 ± 87
KIA 44979 468 G.ruber, G. sacculifer, G. aequilateralis 12590 ± 60 13895 ± 77
KIA 46242 488 G.ruber, G. sacculifer, G. aequilateralis 13980 ± 70 16626 ± 151
KIA 43713 500 G. sacculifer, G. aequilateralis, G. conglobatus 15700  + 130 / -120 18195 ± 112
KIA 44424 504 G.ruber, G. sacculifer, G. aequilateralis 15710 ± 80 18201 ± 86
KIA 46241 524 G.ruber, G. sacculifer, G. aequilateralis 21090 ± 140 24558 ± 225
KIA 44980 572 G.ruber, G. sacculifer, G. aequilateralis 34460 +770 / -700 38790 ± 165
KIA 46473 4 G. ruber 9200 45 10082 ± 80
KIA 46474 16 G. ruber 18500  + 110 / -100 21598 ± 206
KIA 46475 36 G. ruber 34800  + 710 / -650 39539 ± 858
GeoB12615-4
GeoB12616-4
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Appendix 2: Stable oxygen and carbon isotopes and Mg/Ca ratios (GeoB12615-4). 
 
Core depth 
(cm) 
Age          
(yr BP) 
δ18O 
P.ariminensis 
(‰VPDB) 
δ13C 
P.ariminensis 
(‰VPDB) 
δ18O         
G. ruber 
(‰VPDB) 
δ13C        
G. ruber  
(‰VPDB) 
Mg/Ca 
(mmol/mol) SST (°C) 
              
4       -2.26 1.5 5.63 30 
8       -2.25 1.35 4.9 28.4 
12       -2.14 1.66   
16       -2.13 1.26   
20 766 1.03 1.49 -1.97 1.22 4.99 28.6 
24 841 0.99 1.52 -2.12 1.39   
28 917 0.96 1.47 -1.99 1.21 5.24 29.1 
32 992 1.01 1.51 -2.12 1.16   
36 1068 1.02 1.43 -2.01 1.57 4.93 28.5 
40 1143 1.05 1.45 -2.05 1.28   
44 1219 1.09 1.46 -1.89 1.18 5 28.6 
48 1294 1.04 1.44 -2.05 1.36   
52 1370 1.05 1.46 -2.04 1.17 5.3 29.3 
56 1445 1.09 1.43 -1.89 1.46   
60 1521 1.02 1.37 -2.31 1.27 4.82 28.2 
64 1596 1.03 1.44 -2.15 1.26   
68 1672 1.04 1.44     4.94 28.5 
72 1747 1.04 1.48 -2.02 1.29   
76 1823 0.96 1.49 -2.1 1.37 4.7 28 
80 1898 0.98 1.42       
84 1974 1.06 1.49 -2.08 1.31 4.79 28.1 
88 2049 0.99 1.46 -2.18 1.39   
92 2173 1.06 1.5 -2.3 1.28 5.19 29 
96 2297 0.97 1.45 -2.37 1.35   
100 2422 0.95 1.42 -2.21 1.21 4.73 28 
104 2546 1.04 1.45 -1.99 1.59   
108 2670 0.96 1.46 -2.28 1.26 4.62 27.8 
112 2794 1.09 1.47 -2.08 1.39 4.75 28.1 
116 2879 1.02 1.53 -2.06 1.44   
120 2964 0.88 1.31 -2.17 1.11 4.81 28.2 
124 3049 1.01 1.31 -1.99 1.34   
128 3134 1 1.43 -2.06 1.47 4.66 27.8 
132 3219 1.06 1.43       
136 3304 0.95 1.43 -2.11 1.45   
140 3389 1.07 1.45 -2.31 1.25   
144 3474 1.03 1.41 -2.09 1.46 4.73 28.7 
148 3559 0.99 1.48 -2.23 1.46   
152 3644 0.96 1.38 -2.41 1.29 4.77 28.1 
156 3729 1.11 1.46       
160 3814 1.08 1.48 -2.16 1.47 4.85 28.3 
164 3910 1.13 1.51 -2.07 1.51   
168 4006 1.02 1.48 -2.26 1.65 4.83 28.3 
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172 4102 1.14 1.46 -2.2 1.32   
176 4198 1.1 1.47 -2.1 1.39 4.49 27.4 
180 4294 1.06 1.39 -2.21 1.46   
184 4390 1.11 1.41 -2.17 1.58 4.9 28.4 
188 4486 1.17 1.32 -2.27 1.14   
192 4582     -2.35 1.48 4.59 27.7 
196 4678 1.05 1.5 -2.15 1.54   
200 4774 1.22 1.49 -2.21 1.4 4.88 28.4 
204 4870 1.14 1.45 -2.17 1.6   
208 4966     -2.16 1.61 4.67 27.9 
212 5062 1.03 1.45 -2.13 1.01   
216 5158 1.09 1.5 -2.22 1.24 4.73 28 
220 5254 1.07 1.44 -2 1.3   
224 5350 1 1.46 -1.98 1.42 4.59 27.7 
228 5446 1.11 1.43 -2.06 1.44   
232 5542 1.07 1.41 -2.09 1.42 4.66 27.9 
236 5638 1.11 1.48 -2.02 1.15   
240 5734 1.09 1.42 -2.06 1.3 4.81 28.2 
244 5830 1.08 1.4 -2.07 1.49   
248 5926 1.1 1.3 -2.29 1.23 5.04 28.7 
252 6022 1.14 1.43 -2.14 1.12   
256 6118 0.99 1.32 -2.17 1.34 4.93 28.5 
260 6214 0.97 1.34 -1.99 1.39   
264 6310 1.1 1.37 -2.18 1.36 4.51 27.5 
268 6406 1.01 1.45 -2.26 1.23   
272 6505 1.06 1.44 -2.23 1.26 4.57 27.6 
276 6685 1.03 1.41 -2.23 1.18 4.38 27.2 
280 6865 1.08 1.33 -2.18 1.29 4.65 27.8 
284 7045 1.07 1.43 -2.31 1.36   
288 7225 1.13 1.4 -2.29 1.4 4.33 27 
292 7405 1.08 1.36 -2.22 1.43   
296 7585 1.09 1.34 -2.14 1.48 4.93 28.5 
300 7765 1.1 1.31 -2.39 1.08   
304 7945 1.16 1.29 -2.02 1.28 4.77 28.1 
308 8128 1.16 1.26 -1.99 1.35 4.72 28.3 
312 8186 1.25 1.3 -1.92 0.98 4.85 28.3 
316 8244 1.27 1.23 -1.95 1.12 4.82 28.2 
320 8302 1.33 1.16 -2.06 0.94 4.66 27.8 
324 8360 1.28 1.17 -1.83 0.86 4.77 28.1 
328 8418 1.22 1.13 -1.85 0.75 4.5 27.5 
332 8476 1.2 1.12 -1.78 0.57 4.56 27.6 
336 8534     -2.13 1.07 4.75 28.1 
340 8592 1.3 1.12 -2 0.81 4.56 27.6 
344 8645 1.27 1.2 -2.01 1.04 4.89 28.4 
348 8744 1.31 1.15       
352 8843 1.19 1.19 -1.95 0.89 4.44 27.3 
356 8942 1.28 1.21       
361 9041 1.28 1.15 -1.81 0.89 4.56 27.6 
364 9140           
368 9239 1.25 1.07 -1.87 1.03 4.83 28.2 
372 9338 1.29 1.16       
376 9437     -1.85 1.08 4.65 27.8 
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380 9536 1.36 1.19       
384 9635 1.33 1.12 -1.76 0.82 4.8 28.2 
388 9734           
392 9833 1.36   -1.91 0.9 4.38 27.2 
396 9932           
400 10031 1.32 1.17 -1.91 1.02 4.64 27.8 
404 10130 1.3 1.04       
408 10229     -1.87 0.92 4.66 27.9 
412 10328           
416 10427     -2.08 0.59 4.84 28.3 
420 10526 1.35 1.09 -1.91 0.64   
424 10697 1.39 0.95 -1.56 0.87 4.9 28.4 
428 10868 1.3 0.98 -1.87 0.77 4.61 27.7 
432 11039 1.4 1.02 -1.78 0.93 4.7 27.9 
436 11210 1.46 1.02 -1.6 0.72 4.74 28.1 
440 11381 1.49 1 -1.7 0.69 4.68 27.9 
444 11552 1.55 1.1 -1.63 0.95 4.76 28.1 
448 11922 1.56 1.12 -1.37 0.97 4.58 27.7 
452 12292 1.66 1.15 -0.98 0.83 4.51 27.5 
456 12662 1.71 1.16 -1.21 0.89 4.36 27.1 
461 13032 1.76 1.21 -1.36 0.89 4.19 26.7 
464 13463 1.84 1.21 -1.29 0.88 4.29 26.9 
468 13895 1.86 1.16 -1.24 0.88 4.21 26.7 
472 14442 1.89 1.15 -1.09 0.79 4.37 27.1 
476 14989 1.96 1.13 -0.94 0.92 4.45 27.3 
480 15536 1.91 1.16 -0.9 0.95 4.32 27 
484 16083 1.99 1.15 -0.88 0.95 4.36 27.1 
488 16626 2.2 1.27 -0.6 0.88   
492 17149 2.29 1.29 -0.47 1.02 4.07 26.4 
496 17672 2.44 1.46 -0.35 0.85   
500 18195 2.45 1.4 -0.56 0.82 3.7 25.3 
504 18201 2.49 1.48 -0.24 0.84   
508 19472 2.52 1.47 -0.4 1.15 3.82 25.7 
512 20743 2.32 1.53 -0.67 1.02 3.63 25.1 
516 22014 2.48 1.47 -0.63 0.7 3.97 26.1 
520 23285 2.46 1.52 -0.84 1.11 3.95 26 
524 24558 2.51 1.35 -0.57 1.04 3.69 25.3 
528 25744 2.64 1.37 -0.63 0.91 3.88 25.8 
532 26930 2.47 1.5 -0.54 1.21 3.97 26.1 
536 28116 2.43 1.58 -0.51 0.99 3.78 25.5 
540 29302 2.54 1.51 -0.66 1.11 4.04 26.1 
544 30488 2.51 1.55 -0.74 1.08 3.78 25.5 
548 31674 2.29 1.56 -0.92 1.04 3.81 25.6 
552 32860 2.28 1.49       
556 34046 2.2 1.45 -1.06 1.18 3.87 25.8 
560 35232 2.34 1.53 -0.95 0.91 3.83 25.7 
564 36418 2.06 1.43 -0.91 1.04 3.82 25.6 
568 37604 2.03 1.33 -1.14 1.01   
572 38790         3.82 25.6 
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Appendix 3: Stable oxygen and carbon isotopes (GeoB12616-4). 
Core depth 
(cm) Age (kyr BP) 
δ18O             
C. wuellerstorfi 
(‰VPDB) 
δ13C             
C. wuellerstorfi 
(‰VPDB) 
δ18O             
G. ruber 
(‰VPDB) 
δ13C                  
G. ruber  
(‰VPDB) 
2 8.2 2.64 0.40 -1.65 1.09 
4 10.1 2.10 0.54 -1.60 1.13 
6 12.0 3.08 0.46 -1.34 1.31 
8 13.9 3.30 0.31 -1.63 1.19 
10 15.8 2.99 0.42 -1.10 1.17 
12 17.8 2.72 0.50 -0.93 1.14 
14 19.7 2.93 0.48 -0.92 1.03 
16 21.6 3.40 0.18 -0.66 0.89 
18 23.4 3.52 0.31 -0.62 0.87 
20 25.2 3.45 0.17 -0.78 0.95 
22 27.0 3.45 0.21 -0.79 0.96 
24 28.8 3.25 0.35 -0.77 1.13 
26 30.6 3.46 0.25 -0.83 1.10 
28 32.4 3.29 0.22 -0.73 1.10 
30 34.2 3.39 0.33 -0.90 1.19 
32 36.0 3.26 0.32 -0.82 0.95 
34 37.7 3.32 0.41 -1.07 0.58 
36 39.5 3.20 0.41 -0.97 1.12 
38 41.7 3.27 0.30 -0.93 0.87 
40 43.9 3.09 0.33 -1.12 1.22 
42 46.1 3.13 0.40 -1.08 1.07 
44 48.3 3.24 0.39 -1.33 0.88 
46 50.5 3.24 0.26 -1.02 0.55 
48 52.6 3.07 0.19 -1.13 0.92 
50 54.8 3.07 0.36 -1.22 0.86 
52 57.0 2.99 0.32 -1.12 0.87 
54 59.2 3.21 0.24 -1.15 0.91 
56 61.4 3.05 0.20 -1.19 1.03 
58 63.6 3.08 0.11 -1.07 0.68 
60 65.7 3.01 0.03 -1.18 0.45 
62 67.9 3.06 0.17 -0.98 1.13 
64 70.1 2.93 0.34 -1.23 0.94 
66 72.3 3.14 0.21 -0.88 1.18 
68 74.5 3.12 0.23 -1.08 1.12 
70 76.7 3.13 0.18 -1.11 1.29 
72 78.8 2.84 0.32 -1.20 1.08 
74 81.0 2.94 0.29 -1.16 1.26 
76 83.2 2.91 0.28 -1.24 1.05 
78 85.4 3.20 0.25 -1.22 0.63 
80 87.6 3.12 0.22 -1.43 1.12 
82 89.8 2.92 0.36 -1.50 1.34 
84 91.9 3.06 0.12 -1.38 1.00 
86 94.1 2.90 0.32 -1.22 1.10 
88 96.3 3.03 0.30 -1.32 1.12 
90 98.5 2.91 0.45 -1.43 1.21 
92 100.7 2.68 0.35 -1.35 0.88 
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94 102.8 2.86 0.35 -1.14 0.90 
96 105.0 2.85 0.45 -1.45 1.01 
98 106.9 3.14 0.26 -1.44 0.95 
100 108.4 2.82 0.50 -1.43 0.97 
102 110.0 3.15 0.12 -1.54 1.34 
104 111.6 3.04 0.29 -1.65 1.28 
106 113.2 2.81 0.33 -1.37 1.15 
108 114.8 3.12 0.12 -1.68 0.89 
110 116.4 2.64 0.33 -1.77 0.58 
112 118.0 2.53 0.48 -1.37 0.97 
114 119.6 3.08 0.20 -1.62 1.04 
116 121.1 2.72 0.27 -1.55 1.11 
118 122.7 2.59 0.29 -1.48 0.74 
120 124.3 2.79 0.26 -1.49 1.04 
122 125.9 3.20 0.10 -1.68 0.82 
124 127.5 2.71 0.24 -1.45 0.74 
126 129.1 3.11 0.09 -1.18 0.77 
128 130.7 3.15 0.03 -1.53 0.59 
130 132.4 3.36 0.07 -1.22 0.67 
132 134.4 3.53 0.04 -1.50 0.82 
134 136.5 3.05 0.02 -1.26 0.66 
136 138.5 3.49 0.06 -0.79 0.70 
138 140.5 3.42 0.00 -0.79 0.47 
140 142.5 3.54 0.04 -0.71 0.83 
142 144.6 3.51 0.04 -0.58 0.38 
144 146.6 3.34 0.04 -0.73 0.54 
146 148.6 3.33 -0.13 -0.84 0.33 
148 150.7 3.26 -0.10 -0.91 0.77 
150 152.7 3.34 -0.05 -0.95 0.36 
152 154.7 3.08 0.08 -1.06 0.61 
154 156.8 3.27 -0.02 -0.89 0.91 
156 158.8 3.37 -0.05 -0.80 0.57 
158 160.8 3.42 -0.15 -0.99 0.59 
160 162.8 3.15 -0.09 -1.07 0.79 
162 164.9 3.30 0.07 -1.11 0.82 
164 166.9 3.10 0.10 -1.05 0.48 
166 168.9 3.07 0.15 -1.10 0.83 
168 171.0 3.33 -0.02 -1.05 0.23 
170 173.0 3.30 -0.02 -1.20 0.79 
172 175.0 3.33 -0.04 -0.85 0.80 
174 177.0 3.47 -0.06 -1.04 1.02 
176 
   
-0.83 0.61 
178 181.1 3.30 0.03 -1.24 0.86 
180 183.1 3.17 0.04 -1.45 1.11 
182 185.2 3.39 -0.05 -1.25 0.57 
184 
   
-1.12 0.74 
186 189.2 3.48 -0.04 -0.97 0.41 
188 191.2 3.26 -0.01 -1.19 0.98 
190 193.1 2.99 0.21 -1.30 0.73 
192 194.9 3.09 0.17 -1.42 0.84 
194 196.7 3.16 0.09 -1.43 1.11 
196 198.6 2.72 0.53 -1.40 0.97 
198 200.4 3.18 0.16 -1.40 1.28 
200 202.2 3.40 0.03 -1.39 0.97 
202 204.1 2.79 0.10 -1.24 1.09 
204 205.9 2.85 0.16 -1.23 0.86 
206 
   
-1.40 0.95 
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208 209.6 2.62 0.37 -1.31 1.10 
210 211.4 3.05 0.31 -1.44 1.05 
212 213.2 2.60 0.34 -1.39 0.80 
214 215.1 3.00 0.18 -1.35 0.63 
216 216.9 2.83 0.13 -1.39 0.84 
218 218.7 2.97 0.18 -0.90 0.82 
220 220.7 3.30 0.11 -0.90 0.48 
222 223.1 3.48 -0.01 -1.33 0.74 
224 225.5 2.99 0.20 -1.12 1.01 
226 227.9 3.38 -0.04 -1.04 1.01 
228 230.3 3.26 0.03 -1.65 0.45 
230 232.6 2.71 0.13 -1.32 1.01 
232 235.0 3.01 0.19 -1.38 0.86 
234 237.4 2.86 0.05 -1.10 0.83 
236 239.8 2.63 0.19 -1.25 0.99 
238 242.2 3.33 -0.13 -1.00 0.84 
240 244.6 3.11 0.06 -1.41 0.76 
242 246.9 2.78 0.01 -0.93 0.89 
244 249.3 3.29 -0.15 -1.11 0.82 
246 251.7 3.04 0.09 -1.08 0.49 
248 
   
-0.85 1.16 
250 256.5 3.26 -0.14 -0.95 0.38 
252 258.9 3.55 -0.03 -0.84 0.81 
254 261.3 2.91 0.16 -1.13 0.87 
256 263.6 3.22 -0.11 -1.05 0.78 
258 
   
-1.24 1.17 
260 268.4 3.34 -0.12 -1.11 0.72 
262 270.8 3.36 0.06 -1.03 0.76 
264 273.2 2.68 0.29 -1.13 1.06 
266 275.6 3.34 -0.09 -1.08 0.98 
268 277.9 3.41 -0.01 -0.72 1.01 
270 280.3 3.43 -0.03 -0.82 1.18 
272 282.2 3.06 -0.02 -0.94 1.15 
274 283.5 2.93 0.00 -1.06 1.13 
276 284.8 2.95 0.16 -1.18 1.22 
278 
   
-1.34 1.12 
280 287.4 2.92 0.20 -1.15 1.15 
282 288.7 3.07 0.21 -1.27 1.37 
284 290.0 2.70 0.15 -1.24 1.15 
286 291.2 2.93 0.18 -1.08 1.07 
288 292.5 3.24 0.04 -0.98 1.09 
290 
   
-1.11 1.16 
292 295.1 3.18 0.09 -1.19 1.19 
294 296.4 3.15 0.21 -1.06 1.20 
296 297.7 3.25 0.16 -0.91 0.90 
298 299.0 3.36 -0.05 -1.31 1.21 
300 301.8 2.96 0.00 -1.24 1.35 
302 305.7 3.14 0.14 -1.56 1.11 
304 309.6 2.51 0.30 -1.16 0.72 
306 313.6 2.98 0.08 -1.39 1.12 
308 317.5 2.59 0.35 -1.37 1.05 
310 321.4 2.69 0.24 -1.48 1.20 
312 324.3 2.26 0.31 -1.33 1.02 
314 326.1 2.68 0.20 -1.53 0.77 
316 
   
-1.31 1.21 
318 329.7 3.37 -0.13 -1.82 0.61 
320 331.5 2.68 0.06 -1.35 0.74 
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322 333.3 2.67 0.14 -1.78 1.10 
324 335.0 3.22 0.07 -0.96 0.68 
326 336.8 2.31 0.28 -1.47 0.71 
328 338.6 3.62 -0.03 -1.18 0.81 
330 340.4 2.52 -0.03 -1.26 0.60 
332 342.2 3.35 -0.03 -0.98 0.83 
334 344.0 3.16 0.00 -1.13 0.99 
336 345.8 3.29 0.15 -0.80 0.99 
338 347.6 3.55 0.01 -1.19 0.83 
340 349.4 3.54 -0.09 -0.42 0.74 
342 351.2 3.45 -0.02 -1.14 0.95 
344 353.0 3.55 -0.15 -0.59 0.61 
346 354.8 3.25 -0.08 -0.86 0.56 
348 356.6 3.51 -0.15 -0.80 0.76 
350 358.4 3.54 -0.14 -0.89 1.11 
352 360.1 3.47 -0.21 -0.80 0.81 
354 361.9 3.11 0.10 -0.86 0.92 
356 363.7 3.44 0.04 -1.06 1.04 
358 365.5 3.55 0.03 -1.24 0.95 
360 367.3 3.37 0.16 -1.01 1.06 
362 369.1 3.38 0.03 -1.02 0.84 
364 370.9 3.38 0.01 -0.74 0.80 
366 372.7 3.10 0.06 -1.10 0.88 
368 374.5 3.23 0.18 -1.29 1.21 
370 376.3 3.44 -0.06 -1.46 1.05 
372 378.1 3.26 -0.01 -1.06 1.25 
374 379.9 3.27 0.30 -1.03 1.22 
376 381.7 3.14 0.11 -1.11 1.03 
378 383.5 3.12 0.31 -0.94 1.02 
380 385.2 3.24 0.07 -1.23 1.19 
382 387.0 3.13 0.10 -1.31 1.27 
384 388.8 3.26 0.23 -1.18 1.38 
386 390.6 2.81 -0.05 -1.16 1.01 
388 392.4 2.83 0.36 -1.31 1.36 
390 394.2 3.06 0.26 -1.19 1.31 
392 396.0 2.87 0.42 -1.37 1.29 
394 397.8 3.27 0.21 -1.38 1.20 
396 399.5 2.71 0.46 -1.32 1.25 
398 400.8 2.43 0.42 -1.58 1.02 
400 402.1 2.73 0.47 -1.53 1.00 
402 403.4 2.74 0.28 -1.29 0.97 
404 404.7 3.01 0.38 -1.84 0.95 
406 406.0 2.38 0.54 -1.48 1.20 
408 407.3 2.47 0.21 -1.78 1.29 
410 408.6 2.84 0.32 -1.43 1.11 
412 409.9 2.26 0.59 -1.44 1.09 
414 411.2 2.69 0.08 -1.50 1.15 
416 412.5 3.42 -0.03 -1.40 1.11 
418 
   
-1.67 1.19 
420 415.1 3.62 -0.05 -0.94 0.77 
422 416.4 3.31 -0.06 -0.66 0.60 
424 417.7 2.76 0.09 -0.81 0.39 
426 419.0 3.20 0.00 -0.99 1.00 
428 420.3 3.19 -0.02 -0.67 0.81 
430 421.6 3.31 -0.03 -0.69 0.85 
432 422.9 3.57 -0.14 -0.52 0.59 
434 424.3 3.83 0.02 -0.70 0.60 
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436 425.6 3.71 -0.01 -0.78 0.80 
438 426.9 3.26 0.07 -0.50 0.61 
440 428.2 3.58 0.02 -0.34 0.76 
442 429.7 3.88 0.06 -0.94 0.88 
444 431.8 3.84 -0.06 -0.46 0.98 
446 434.0 3.77 -0.08 -0.63 0.80 
448 
   
-0.35 0.97 
450 438.2 3.43 -0.07 -0.82 0.94 
452 440.4 3.48 0.04 -0.53 1.20 
454 442.5 3.45 -0.01 -0.98 0.97 
456 444.6 3.70 0.03 -0.56 0.84 
458 446.8 3.63 -0.06 -0.65 0.95 
460 448.9 3.50 -0.10 -0.69 0.74 
462 451.0 3.43 -0.06 -0.72 1.26 
464 
   
-0.79 0.88 
466 455.3 3.58 0.03 -0.91 0.72 
468 457.4 3.06 0.02 -0.74 0.82 
470 459.6 3.58 0.02 -0.83 1.04 
472 461.7 3.31 0.19 -0.84 0.73 
474 463.8 3.23 -0.01 -0.73 0.79 
476 466.0 3.13 -0.01 -0.88 1.00 
478 468.1 3.37 -0.03 -0.81 0.97 
480 470.2 3.12 0.21 -0.76 1.05 
482 472.3 3.41 0.18 -1.05 1.18 
484 474.5 3.39 -0.01 -0.92 0.83 
486 476.6 3.53 0.18 -1.26 1.17 
488 478.7 3.40 0.16 -1.06 1.21 
490 480.9 3.43 0.07 -1.07 1.05 
492 483.0 3.21 0.31 -1.00 1.15 
494 
   
-0.92 1.14 
496 486.7 2.70 0.62 -1.13 1.50 
498 488.6 2.77 0.51 -1.38 1.58 
500 490.4 2.90 0.73 -1.09 1.71 
502 492.3 3.13 0.33 -1.38 1.15 
504 494.1 2.85 0.56 -1.25 1.57 
506 496.0 2.82 0.68 -1.48 1.70 
508 497.8 2.55 0.48 -1.30 1.56 
510 499.7 2.80 0.77 -1.35 1.63 
512 501.5 3.11 0.37 -1.41 1.62 
514 503.4 2.82 0.58 -1.37 1.42 
516 505.2 2.93 0.71 -1.23 1.42 
518 507.1 3.20 0.40 -1.22 1.32 
520 508.9 3.03 0.52 -1.24 1.63 
522 510.8 3.04 0.67 -1.18 1.43 
524 512.6 3.06 0.63 -1.00 1.08 
526 514.5 3.32 0.39 -1.19 1.36 
528 516.3 3.13 0.63 -1.18 1.14 
530 518.2 3.17 0.50 -1.30 1.39 
532 520.0 2.97 0.48 -1.35 1.02 
534 521.9 3.07 0.47 -1.14 1.10 
536 523.7 2.96 0.24 -1.40 1.18 
538 525.6 3.08 0.42 -1.28 0.91 
540 527.4 3.29 0.11 -1.16 1.20 
542 529.3 3.03 0.51 -1.19 0.79 
544 531.1 2.96 0.23 -1.37 1.18 
546 533.0 3.14 0.11 -1.21 1.13 
548 536.0 3.35 0.20 -1.23 0.97 
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550 539.2 3.33 0.09 -1.14 1.04 
552 542.4 3.44 -0.01 -1.07 0.84 
554 545.7 3.25 0.02 -1.27 0.98 
556 
   
-1.08 1.00 
558 
   
-1.25 0.96 
560 555.3 3.35 0.05 -1.28 1.13 
562 558.5 3.01 0.23 -1.45 1.20 
564 561.7 3.40 0.03 -1.42 1.28 
566 
   
-1.26 0.73 
568 568.2 3.13 0.11 -1.41 1.25 
570 
   
-1.29 1.03 
572 574.6 2.64 0.23 -1.44 1.47 
574 577.8 2.72 0.45 -1.63 1.26 
576 581.0 3.03 0.28 -1.42 0.98 
578 
   
-1.62 1.18 
580 
   
-1.66 1.16 
582 
   
-1.24 0.83 
584 
   
-1.20 1.06 
586 597.1 2.74 0.32 -1.71 1.33 
588 
   
-1.42 0.98 
590 603.5 3.13 0.15 -1.17 1.35 
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Appendix 4: Sediment geochemistry (GeoB12615-4).   
Core depth 
(cm) Age (yr BP) TOC (wt.%) TC (wt.%) 
 CaCO3        
(wt. %) N (wt. %) 
            
4   0.636 5.949 44.272 0.158 
8   0.619 5.971 44.598 0.162 
12   0.622 5.459 40.309 0.152 
16   0.626 5.318 39.101 0.148 
20 766 0.634 5.393 39.654 0.144 
24 841 0.652 5.504 40.438 0.158 
28 917 0.643 5.564 41.009 0.156 
32 992 0.626 5.567 41.172 0.154 
36 1068 0.633 5.574 41.179 0.164 
40 1143 0.634 5.534 40.834 0.146 
44 1219 0.609 5.629 41.836 0.157 
48 1294 0.561 5.595 41.951 0.169 
52 1370 0.596 5.539 41.187 0.155 
56 1445 0.593 5.534 41.175 0.146 
60 1521 0.596 5.554 41.319 0.176 
64 1596 0.574 5.559 41.546 0.151 
68 1672 0.537 5.613 42.301 0.147 
72 1747 0.550 5.967 45.141 0.169 
76 1823 0.569 5.587 41.819 0.179 
80 1898 0.539 5.532 41.600 0.151 
84 1974 0.539 5.566 41.888 0.171 
88 2049 0.543 5.618 42.292 0.153 
92 2173 0.502 5.634 42.762 0.159 
96 2297 0.498       
100 2422 0.518       
104 2546 0.489 5.535 42.052 0.155 
108 2670 0.484 5.466 41.513 0.156 
112 2794 0.469 5.370 40.838 0.153 
116 2879 0.465 5.446 41.509 0.156 
120 2964 0.513 5.366 40.440 0.168 
124 3049 0.479 5.281 40.013 0.135 
128 3134 0.497 5.327 40.250 0.154 
132 3219 0.482 5.403 41.007 0.148 
136 3304 0.521 5.502 41.509 0.148 
140 3389 0.465 5.452 41.553 0.136 
144 3474 0.459 5.244 39.868 0.140 
148 3559 0.487 5.179 39.101 0.149 
152 3644 0.479 5.261 39.850 0.145 
156 3729 0.445 5.097 38.769 0.164 
160 3814 0.423 5.320 40.808 0.172 
164 3910 0.472 5.292 40.167 0.154 
168 4006 0.441 5.181 39.497 0.113 
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172 4102 0.459 5.204 39.537 0.141 
176 4198 0.475 4.941 37.218 0.125 
180 4294 0.511 4.895 36.533 0.125 
184 4390 0.528 4.715 34.893 0.120 
188 4486 0.512 4.997 37.368 0.120 
192 4582 0.492 4.916 36.869 0.120 
196 4678 0.497 5.086 38.240 0.115 
200 4774 0.461 5.257 39.961 0.122 
204 4870 0.441 5.236 39.959 0.113 
208 4966 0.471 5.186 39.290 0.113 
212 5062 0.471 4.976 37.542 0.121 
216 5158 0.463 4.659 34.964 0.116 
220 5254 0.484 4.514 33.585 0.126 
224 5350 0.542 4.560 33.482 0.124 
228 5446 0.583 4.584 33.339 0.124 
232 5542 0.557 4.381 31.867 0.112 
236 5638 0.543 4.280 31.137 0.127 
240 5734 0.534 4.294 31.335 0.116 
244 5830 0.537 4.286 31.239 0.115 
248 5926 0.525 4.385 32.167 0.120 
252 6022 0.529 4.101 29.768 0.125 
256 6118 0.508 3.979 28.926 0.115 
260 6214 0.524 4.114 29.917 0.122 
264 6310 0.489 4.151 30.519 0.119 
268 6406 0.525 4.008 29.024 0.111 
272 6505 0.485 4.090 30.043 0.131 
276 6685 0.453 4.069 30.135 0.117 
280 6865 0.476 4.062 29.881 0.137 
284 7045 0.481 3.983 29.184 0.117 
288 7225 0.470 4.144 30.618 0.127 
292 7405 0.424 4.154 31.081 0.106 
296 7585 0.363 4.293 32.754 0.115 
300 7765 0.303 4.579 35.632 0.109 
304 7945 0.255 4.676 36.837 0.101 
308 8128 0.288 4.720 36.935 0.108 
312 8186 0.282 4.223 32.836 0.103 
316 8244 0.382 3.500 25.981 0.108 
320 8302 0.439 3.297 23.820 0.116 
324 8360 0.507 3.001 20.780 0.116 
328 8418 0.527 2.876 19.573 0.125 
332 8476 0.513 2.659 17.888 0.108 
336 8534 0.527 2.567 17.002 0.122 
340 8592 0.528 2.659 17.754 0.129 
344 8645 0.476 2.786 19.249 0.117 
348 8744 0.482 2.856 19.780 0.123 
352 8843 0.505 3.171 22.220 0.115 
356 8942 0.508 3.411 24.188 0.128 
361 9041 0.468 3.725 27.134 0.116 
364 9140 0.493 3.754 27.169 0.122 
368 9239 0.492 3.886 28.280 0.115 
372 9338 0.512 4.017 29.205 0.116 
376 9437 0.480 3.839 27.991 0.125 
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380 9536 0.482 3.797 27.617 0.129 
384 9635 0.451 3.729 27.316 0.126 
388 9734 0.474 3.517 25.353 0.131 
392 9833 0.514 3.350 23.636 0.125 
396 9932 0.489 3.438 24.580 0.134 
400 10031 0.500 3.336 23.637 0.144 
404 10130 0.512 3.159 22.062 0.140 
408 10229 0.509 2.962 20.440 0.137 
412 10328 0.540 3.010 20.588 0.144 
416 10427 0.517 3.086 21.405 0.154 
420 10526 0.536 2.972 20.293 0.168 
424 10697 0.541 3.075 21.113 0.146 
428 10868 0.545 2.839 19.118 0.136 
432 11039 0.579 3.164 21.541 0.156 
436 11210 0.579 3.155 21.468 0.129 
440 11381 0.621 2.977 19.631 0.139 
444 11552 0.595 3.686 25.760 0.138 
448 11922 0.618 4.174 29.631 0.124 
452 12292 0.644 4.071 28.555 0.131 
456 12662 0.638 4.057 28.488 0.130 
461 13032 0.602 4.083 29.008 0.139 
464 13463 0.616 3.806 26.579 0.136 
468 13895 0.587 4.235 30.404 0.137 
472 14442 0.538 4.448 32.584 0.128 
476 14989 0.531 4.708 34.808 0.133 
480 15536 0.550 4.701 34.592 0.149 
484 16083 0.408 5.281 40.603 0.122 
488 16626 0.428 5.187 39.660 0.133 
492 17149 0.456 5.170 39.281 0.133 
496 17672 0.484 5.114 38.578 0.139 
500 18195 0.505 5.000 37.459 0.133 
504 18201 0.455 5.079 38.530 0.140 
508 19472 0.500 5.016 37.631 0.132 
512 20743 0.398 5.424 41.877 0.136 
516 22014 0.418 5.123 39.205 0.129 
520 23285 0.370 5.085 39.289 0.112 
524 24558 0.352 5.382 41.921 0.128 
528 25744 0.349 5.108 39.650 0.123 
532 26930 0.375 5.194 40.152 0.130 
536 28116 0.313 5.252 41.153 0.124 
540 29302 0.460 4.247 31.557 0.145 
544 30488 0.532 4.011 28.988 0.124 
548 31674 0.604 3.972 28.067 0.142 
552 32860 0.539 4.448 32.568 0.142 
556 34046 0.544 4.400 32.125 0.132 
560 35232 0.583 4.365 31.515 0.154 
564 36418 0.653 4.259 30.046 0.150 
568 37604 0.560 4.214 30.447 0.124 
572 38790 0.596 4.101 29.207 0.131 
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Appendix 5: Sediment geochemistry (GeoB12616-4).   
Core depth 
(cm) Age (kyr BP) TOC (wt.%) TC (wt.%) 
 CaCO3      
(wt. %) N (wt. %) 
            
2 8.2 0.172 
   4 10.1 0.159 
   6 12.0 0.133 
   8 13.9 0.142 
   10 15.8 0.276 
   12 17.8 0.206 
   14 19.7 0.175 
   16 21.6 0.265 9.339 75.591 0.133 
18 23.4 0.235 9.639 78.337 0.134 
20 25.2 0.250 9.756 79.187 0.107 
22 27.0 0.252 9.465 76.744 0.120 
24 28.8 0.245 9.579 77.755 0.136 
26 30.6 0.272 9.247 74.762 0.120 
28 32.4 0.272 9.500 76.874 0.127 
30 34.2 0.251 9.729 78.950 0.121 
32 36.0 0.274 9.587 77.576 0.120 
34 37.7 0.221 10.097 82.265 0.104 
36 39.5 0.209 10.023 81.746 0.114 
38 41.7 0.183 9.916 81.077 0.113 
40 43.9 0.209 9.884 80.592 0.101 
42 46.1 0.205 10.220 83.419 0.116 
44 48.3 0.217 9.926 80.880 0.111 
46 50.5 0.227 9.930 80.825 0.112 
48 52.6 0.198 10.171 83.076 0.106 
50 54.8 0.202 10.145 82.819 0.116 
52 57.0 0.200 10.284 83.995 0.116 
54 59.2 0.198 10.163 83.010 0.108 
56 61.4 0.201 9.987 81.515 0.104 
58 63.6 0.191 9.877 80.677 0.096 
60 65.7 0.182 
   62 67.9 0.219 
   64 70.1 0.220 9.588 78.036 0.103 
66 72.3 0.234 8.727 70.744 0.106 
68 74.5 0.221 8.614 69.921 0.109 
70 76.7 0.225 8.567 69.484 0.118 
72 78.8 0.211 8.723 70.899 0.106 
74 81.0 0.228 9.039 73.396 0.113 
76 83.2 0.210 9.134 74.337 0.099 
78 85.4 0.208 9.283 75.600 0.126 
80 87.6 0.220 9.292 75.572 0.100 
82 89.8 0.216 9.302 75.684 0.110 
84 91.9 0.215 9.196 74.813 0.108 
86 94.1 0.143 9.753 80.049 0.096 
88 96.3 0.166 9.452 77.347 0.104 
90 98.5 0.166 9.194 75.203 0.098 
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92 100.7 0.176 9.231 75.428 0.097 
94 102.8 
    96 105.0 0.198 9.562 77.999 0.097 
98 106.9 0.181 
   100 108.4 0.157 
   102 110.0 0.183 9.421 76.950 0.103 
104 111.6 0.187 9.353 76.356 0.098 
106 113.2 0.133 10.204 83.889 0.102 
108 114.8 0.130 10.474 86.164 0.094 
110 116.4 0.190 10.400 85.053 0.100 
112 118.0 0.119 10.332 85.073 0.092 
114 119.6 0.118 9.444 77.686 0.103 
116 121.1 0.122 9.654 79.400 0.117 
118 122.7 0.128 9.737 80.042 0.091 
120 124.3 0.135 10.107 83.071 0.097 
122 125.9 0.136 10.148 83.397 0.112 
124 127.5 0.153 10.275 84.313 0.101 
126 129.1 0.154 10.451 85.768 0.105 
128 130.7 0.158 10.451 85.739 0.102 
130 132.4 0.142 10.559 86.777 0.113 
132 134.4 0.126 10.550 86.830 0.128 
134 136.5 0.127 10.872 89.511 0.138 
136 138.5 0.111 9.801 80.715 0.142 
138 140.5 0.199 9.190 74.900 0.124 
140 142.5 0.120 9.566 78.685 0.137 
142 144.6 0.161 9.479 77.619 0.136 
144 146.6 0.166 9.192 75.185 0.146 
146 148.6 0.188 9.255 75.532 0.138 
148 150.7 0.194 9.279 75.685 0.146 
150 152.7 0.303 9.092 73.213 0.140 
152 154.7 0.183 9.424 76.972 0.136 
154 156.8 0.219 9.290 75.565 0.133 
156 158.8 0.149 9.213 75.506 0.137 
158 160.8 0.183 9.399 76.765 0.138 
160 162.8 0.176 9.712 79.432 0.139 
162 164.9 0.196 9.139 74.496 0.137 
164 166.9 0.183 8.959 73.104 0.124 
166 168.9 0.185 8.984 73.295 0.132 
168 171.0 0.183 8.742 71.295 0.139 
170 173.0 0.192 8.823 71.900 0.137 
172 175.0 0.200 8.878 72.283 0.145 
174 177.0 0.169 9.222 75.418 0.144 
176 
 
0.181 9.148 74.696 0.137 
178 181.1 0.172 9.245 75.574 0.125 
180 183.1 0.153 9.390 76.944 0.123 
182 185.2 0.148 9.042 74.090 0.137 
184 
 
0.164 8.914 72.884 0.152 
186 189.2 0.213 8.032 65.136 0.135 
188 191.2 0.268 7.932 63.844 0.159 
190 193.1 0.197 8.500 69.165 0.131 
192 194.9 0.230 8.133 65.836 0.139 
194 196.7 
    196 198.6 0.257 7.833 63.106 0.157 
198 200.4 0.230 8.398 68.041 0.149 
200 202.2 0.252 8.504 68.741 0.137 
202 204.1 0.232 8.638 70.025 0.136 
204 205.9 0.218 8.705 70.696 0.127 
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206 
 
0.181 9.060 73.961 0.148 
208 209.6 0.143 10.638 87.425 0.142 
210 211.4 0.166 9.321 76.263 0.141 
212 213.2 0.164 9.403 76.965 0.124 
214 215.1 0.134 9.640 79.188 0.152 
216 216.9 0.151 9.681 79.387 0.137 
218 218.7 0.115 9.750 80.262 0.145 
220 220.7 0.120 9.608 79.031 0.130 
222 223.1 0.124 9.455 77.729 0.165 
224 225.5 0.128 9.502 78.087 0.129 
226 227.9 0.128 9.548 78.469 0.152 
228 230.3 0.119 9.664 79.511 0.132 
230 232.6 0.112 9.770 80.448 0.148 
232 235.0 0.108 9.732 80.174 0.137 
234 237.4 0.110 9.765 80.423 0.158 
236 239.8 0.115 9.706 79.899 0.140 
238 242.2 0.149 9.377 76.868 0.155 
240 244.6 0.169 9.428 77.124 0.156 
242 246.9 0.192 9.568 78.104 0.149 
244 249.3 0.190 9.698 79.200 0.152 
246 251.7 0.209 9.609 78.308 0.154 
248 
 
0.193 9.787 79.919 0.133 
250 256.5 0.180 9.829 80.374 0.146 
252 258.9 0.200 9.910 80.881 0.136 
254 261.3 0.186 
   256 263.6 0.191 
   258 
 
0.191 9.479 77.362 0.108 
260 268.4 0.205 9.258 75.413 0.121 
262 270.8 0.185 9.272 75.690 0.158 
264 273.2 0.134 8.895 72.972 0.135 
266 275.6 0.141 8.758 71.773 0.139 
268 277.9 0.160 8.555 69.937 0.138 
270 280.3 0.199 8.779 71.467 0.127 
272 282.2 0.223 8.331 67.544 0.126 
274 283.5 0.258 8.013 64.606 0.138 
276 284.8 0.235 8.519 69.005 0.125 
278 
 
0.205 8.579 69.757 0.136 
280 287.4 0.189 8.854 72.184 0.120 
282 288.7 0.189 8.954 73.014 0.163 
284 290.0 0.157 8.986 73.550 0.124 
286 291.2 0.189 10.307 84.281 0.135 
288 292.5 0.173 8.741 71.368 0.125 
290 
 
0.159 8.719 71.302 0.134 
292 295.1 0.156 8.625 70.549 0.134 
294 296.4 0.187 8.644 70.450 0.111 
296 297.7 0.203 8.746 71.162 0.142 
298 299.0 0.196 8.959 72.996 0.128 
300 301.8 0.191 8.984 73.248 0.115 
302 305.7 0.178 9.264 75.689 0.121 
304 309.6 0.171 9.525 77.919 0.136 
306 313.6 0.143 10.044 82.475 0.125 
308 317.5 0.149 9.775 80.183 0.130 
310 321.4 0.125 9.864 81.120 0.122 
312 324.3 0.119 9.674 79.592 0.120 
314 326.1 0.113 9.618 79.179 0.112 
316 
 
0.125 9.495 78.056 0.116 
318 329.7 0.122 9.711 79.879 0.120 
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320 331.5 0.118 9.645 79.360 0.112 
322 333.3 0.112 9.673 79.643 0.113 
324 335.0 0.132 9.705 79.749 0.121 
326 336.8 0.124 9.730 80.017 0.115 
328 338.6 0.118 9.696 79.787 0.113 
330 340.4 0.122 8.901 73.133 0.142 
332 342.2 0.108 9.316 76.702 0.119 
334 344.0 0.124 9.294 76.387 0.129 
336 345.8 0.132 9.122 74.886 0.114 
338 347.6 0.178 8.959 73.144 0.124 
340 349.4 0.180 8.860 72.308 0.105 
342 351.2 0.226 8.780 71.258 0.117 
344 353.0 0.283 8.582 69.130 0.136 
346 354.8 0.253 8.686 70.249 0.122 
348 356.6 0.228 8.835 71.699 0.135 
350 358.4 0.212 8.780 71.369 0.109 
352 360.1 0.197 8.947 72.881 0.101 
354 361.9 0.183 8.942 72.964 0.116 
356 363.7 0.165 8.597 70.240 0.119 
358 365.5 0.166 8.954 73.210 0.127 
360 367.3 0.180 8.659 70.633 0.118 
362 369.1 0.220 8.269 67.048 0.124 
364 370.9 0.295 8.361 67.194 0.124 
366 372.7 0.223 8.051 65.204 0.132 
368 374.5 0.215 8.040 65.182 0.125 
370 376.3 0.251 8.442 68.235 0.141 
372 378.1 0.227 8.065 65.288 0.134 
374 379.9 0.258 8.134 65.607 0.125 
376 381.7 0.210 8.499 69.046 0.138 
378 383.5 0.195 8.569 69.751 0.122 
380 385.2 0.183 8.493 69.226 0.117 
382 387.0 0.207 8.535 69.368 0.156 
384 388.8 0.186 8.738 71.240 0.137 
386 390.6 0.190 8.795 71.676 0.137 
388 392.4 0.189 8.932 72.827 0.112 
390 394.2 0.195 8.950 72.927 0.130 
392 396.0 0.151 9.440 77.377 0.120 
394 397.8 0.154 9.351 76.611 0.115 
396 399.5 0.129 9.475 77.848 0.117 
398 400.8 0.137 9.389 77.068 0.131 
400 402.1 0.138 9.477 77.796 0.134 
402 403.4 0.134 9.192 75.451 0.113 
404 404.7 0.129 9.259 76.053 0.132 
406 406.0 0.141 9.494 77.918 0.107 
408 407.3 0.113 9.523 78.384 0.115 
410 408.6 0.114 9.402 77.368 0.113 
412 409.9 0.097 9.572 78.925 0.121 
414 411.2 0.103 9.398 77.426 0.111 
416 412.5 0.086 9.607 79.310 0.113 
418 
 
0.107 9.300 76.576 0.119 
420 415.1 0.107 9.139 75.237 0.116 
422 416.4 0.103 9.112 75.040 0.128 
424 417.7 0.121 9.235 75.924 0.107 
426 419.0 0.128 9.150 75.155 0.127 
428 420.3 0.142 9.069 74.359 0.118 
430 421.6 0.191 
   432 422.9 0.193 
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434 424.3 0.159 8.233 67.257 0.141 
436 425.6 0.167 9.531 77.998 0.136 
438 426.9 0.199 9.251 75.400 0.124 
440 428.2 0.208 9.371 76.330 0.132 
442 429.7 0.225 9.565 77.803 0.133 
444 431.8 0.206 9.500 77.419 0.141 
446 434.0 0.276 9.588 77.573 0.140 
448 
 
0.203 9.183 74.809 0.129 
450 438.2 0.204 9.252 75.371 0.137 
452 440.4 0.219 9.296 75.610 0.136 
454 442.5 0.220 9.247 75.200 0.142 
456 444.6 0.210 9.339 76.042 0.135 
458 446.8 0.206 9.609 78.329 0.139 
460 448.9 0.217 9.389 76.401 0.144 
462 451.0 0.219 
   464 
 
0.235 
   466 455.3 0.236 
   468 457.4 0.209 
   470 459.6 0.183 
   472 461.7 0.182 9.634 78.732 
 474 463.8 0.233 9.204 74.725 
 476 466.0 0.239 9.034 73.267 
 478 468.1 0.245 9.221 74.773 
 480 470.2 0.257 9.262 75.015 
 482 472.3 0.235 9.368 76.074 
 484 474.5 0.227 9.297 75.553 
 486 476.6 0.277 8.714 70.281 
 488 478.7 0.246 9.161 74.262 
 490 480.9 0.213 8.984 73.064 
 492 483.0 0.184 8.836 72.070 
 494 
 
0.180 8.854 72.254 0.193 
496 486.7 0.198 8.985 73.192 0.175 
498 488.6 0.187 9.277 75.724 0.164 
500 490.4 0.194 9.374 76.465 0.146 
502 492.3 0.195 9.535 77.803 0.149 
504 494.1 0.189 9.416 76.856 0.133 
506 496.0 0.159 9.431 77.240 0.119 
508 497.8 0.137 9.428 77.389 0.123 
510 499.7 0.133 9.210 75.612 0.128 
512 501.5 0.138 9.111 74.742 0.118 
514 503.4 0.138 9.236 75.786 0.097 
516 505.2 0.150 9.031 73.975 0.101 
518 507.1 0.141 9.096 74.594 0.097 
520 508.9 0.140 8.895 72.933 0.157 
522 510.8 0.139 9.082 74.492 0.113 
524 512.6 0.137 9.151 75.080 0.109 
526 514.5 0.148 9.155 75.026 0.115 
528 516.3 0.175 9.102 74.358 0.068 
530 518.2 0.145 9.221 75.606 0.059 
532 520.0 0.164 
   534 521.9 0.125 9.345 76.797 0.063 
536 523.7 0.122 9.310 76.541 0.073 
538 525.6 0.112 9.479 78.025 0.064 
540 527.4 0.134 9.370 76.933 0.077 
542 529.3 0.134 9.509 78.099 0.067 
544 531.1 0.146 9.407 77.151 0.060 
546 533.0 0.177 9.097 74.305 0.063 
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548 536.0 0.164 9.354 76.554 0.061 
550 539.2 0.170 9.290 75.970 0.072 
552 542.4 0.185 9.315 76.049 0.065 
554 545.7 0.198 9.405 76.696 0.079 
556 
 
0.210 9.134 74.339 0.078 
558 
 
0.213 9.278 75.512 0.066 
560 555.3 0.213 9.091 73.949 0.071 
562 558.5 0.231 9.049 73.461 0.075 
564 561.7 0.187 9.241 75.417 0.075 
566 
 
0.206 8.930 72.672 0.077 
568 568.2 0.223 8.669 70.357 0.081 
570 
 
0.168 9.536 78.038 0.077 
572 574.6 0.149 9.641 79.068 0.087 
574 577.8 0.162 9.500 77.779 0.085 
576 581.0 0.122 9.752 80.212 0.089 
578 
 
0.137 9.518 78.151 0.084 
580 
 
0.115 9.796 80.644 0.087 
582 
 
0.122 9.777 80.429 0.075 
584 
 
0.119 9.692 79.742 0.089 
586 597.1 0.119 9.584 78.839 0.083 
588 
 
0.143 9.574 78.561 0.092 
590 603.5 0.123 9.255 76.065 0.095 
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Appendix 6: Foraminiferal fauna parameter (GeoB12615-4).   
Core depth 
(cm) Age (yr BP) 
total number 
(N) benthic 
foraminifera 
Sediment 
dry weight 
(g) 
Dry bulk 
density (g 
cm-3) 
BFN           
(N  g-1) 
BFAR          
(N cm-2 kyr-
1) 
Diversity 
H(S) 
28 917 5200 12.01 0.50 433 11383 4.41 
52 1370 9536 18.61 0.49 513 13295 4.13 
84 1974 7456 17.32 0.49 430 11107 4.25 
120 2964 5056 19.16 0.55 264 6782 4.28 
148 3559 9232 27.37 0.64 337 10171 4.35 
172 4102 7904 22.98 0.61 344 8741 4.35 
204 4870 9824 15.01 0.62 654 16835 4.26 
236 5638 8976 19.32 0.54 465 10398 4.47 
268 6406 4344 13.02 0.53 334 7340 4.40 
304 7945 20928 15.03 0.75 1393 23238 4.13 
312 8186 8720 21.48 0.67 406 18974 4.37 
320 8302 3864 21.34 0.65 181 8157 4.20 
328 8418 2188 18.72 0.51 117 4171 4.05 
336 8534 2644 20.57 0.49 129 4340 3.66 
348 8744 2192 15.40 0.53 142 3075 3.89 
356 8942 3272 15.76 0.46 208 3859 3.96 
364 9140 5008 19.06 0.58 263 6147 4.14 
372 9338 5152 19.22 0.49 268 5346 4.13 
380 9536 5648 19.73 0.58 286 6670 4.10 
388 9734 3936 22.71 0.59 173 4107 4.03 
396 9932 6240 20.68 0.58 302 7036 3.73 
404 10130 5504 22.40 0.59 246 5880 3.69 
412 10328 4632 30.91 0.61 150 3694 3.73 
420 10526 5824 26.35 0.62 221 5506 3.64 
424 10697 3460 27.06 0.62 128 1847 3.84 
428 10868 3728 22.90 0.60 163 2283 3.71 
436 11210 6880 24.77 0.62 278 4043 3.78 
440 11381 4816 17.65 0.60 273 3829 3.87 
444 11552 7136 22.31 0.54 320 4043 4.01 
448 11922 5728 15.92 0.63 360 2458 3.93 
452 12292 6000 23.41 0.61 256 1683 4.00 
456 12662 4344 19.09 0.70 228 1734 4.04 
461 13032 7936 19.79 0.60 401 2586 4.02 
464 13463 5632 30.21 0.55 186 954 4.07 
468 13895 9616 25.73 0.54 374 1861 3.92 
472 14442 25216 24.99 0.61 1009 4468 3.91 
476 14989 11232 22.10 0.62 508 2313 3.93 
480 15536 17184 22.91 0.57 750 3138 3.95 
484 16083 19776 18.52 0.64 1068 5029 3.91 
488 16626 24960 21.38 0.59 1167 5015 4.00 
492 17149 16832 18.08 0.60 931 4286 3.96 
496 17672 12752  0.64    3.93 
500 18195 8976  0.58    3.67 
504 18201 24064  0.65    3.70 
512 20743 28672 22.75 0.64 1261 2519 3.92 
520 23285 18112 34.45 0.65 526 1068 3.92 
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528 25744 17440 20.81 0.66 838 1858 3.97 
536 28116 19392 23.80 0.73 815 2016 3.97 
544 30488 6464 27.49 0.68 235 541 3.91 
552 32860 12128 20.69 0.54 586 1073 3.91 
560 35232 10176 24.03 0.60 423 861 3.93 
568 37604 12544 31.80 0.59 394 778 3.91 
584  9920 27.59 0.56 360 680 3.88 
608  19264 24.29 0.59 793 1565 3.96 632   22784 22.00 0.67 1036 2351 3.85 
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Appendix 7: Census counts (GeoB12615-4).  
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Appendix 6: Varimax PC-factor loadings of foraminiferal assemblages (GeoB12615-4).   
 
Core 
depth (cm) Age (yr BP) 
Q-PC1 
(loadings) 
Q-PC2 
(loadings) 
Q-PC3 
(loadings) 
Q-PC4 
(loadings) 
28 917 0.11 0.09 0.83 0.08 
52 1370 0.08 0.19 0.78 0.14 
84 1974 0.17 0.17 0.82 0.09 
120 2964 0.21 0.10 0.79 0.17 
148 3559 0.18 0.14 0.86 0.10 
172 4102 0.21 0.13 0.81 0.19 
204 4870 0.21 0.18 0.71 0.22 
236 5638 0.29 0.16 0.78 0.20 
268 6406 0.30 0.16 0.78 0.26 
304 7945 0.20 0.21 0.72 0.13 
312 8186 0.40 0.23 0.54 0.18 
320 8302 0.60 0.17 0.54 0.16 
328 8418 0.78 0.17 0.36 0.15 
336 8534 0.83 0.08 0.09 0.07 
348 8744 0.69 0.15 0.46 0.10 
356 8942 0.63 0.19 0.46 0.19 
364 9140 0.58 0.23 0.53 0.13 
372 9338 0.55 0.24 0.57 0.09 
380 9536 0.57 0.17 0.58 0.24 
388 9734 0.78 0.19 0.33 0.23 
396 9932 0.76 0.17 0.25 0.27 
404 10130 0.87 0.23 0.25 0.18 
412 10328 0.87 0.30 0.23 0.09 
420 10526 0.83 0.36 0.21 0.17 
424 10697 0.84 0.35 0.10 0.07 
428 10868 0.82 0.39 0.11 0.04 
436 11210 0.87 0.29 0.08 0.12 
440 11381 0.88 0.31 0.21 0.13 
444 11552 0.73 0.23 0.35 0.33 
448 11922 0.75 0.13 0.19 0.30 
452 12292 0.71 0.14 0.27 0.37 
456 12662 0.70 0.25 0.21 0.42 
461 13032 0.44 0.55 0.31 0.43 
464 13463 0.56 0.53 0.21 0.36 
468 13895 0.47 0.52 0.23 0.51 
472 14442 0.22 0.60 0.19 0.59 
476 14989 0.42 0.45 0.16 0.63 
480 15536 0.41 0.44 0.24 0.66 
484 16083 0.38 0.39 0.22 0.62 
488 16626 0.28 0.41 0.21 0.70 
492 17149 0.17 0.21 0.24 0.86 
496 17672 0.13 0.34 0.19 0.88 
500 18195 0.12 0.19 0.15 0.92 
504 18201 0.13 0.26 0.23 0.85 
512 20743 0.25 0.61 0.30 0.53 
520 23285 0.20 0.84 0.16 0.31 
528 25744 0.33 0.72 0.30 0.41 
536 28116 0.29 0.64 0.20 0.53 
544 30488 0.28 0.85 0.14 0.26 
552 32860 0.27 0.89 0.10 0.22 
560 35232 0.20 0.87 0.16 0.16 
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568 37604 0.30 0.89 0.10 0.13 
584  0.24 0.86 0.22 0.18 
608  0.16 0.86 0.18 0.21 
632   0.26 0.78 0.27 0.19 
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Appendix 7: Varimax PC-factor scores of foraminiferal assemblages (GeoB12615-4).   
 
Species  name Q-PC1 (scores) 
Q-PC2 
(scores) 
Q-PC3 
(scores) 
Q-PC4 
(scores) 
Abditodentrix pseudothalmanni (Boltovskoy & Guissani de Kahn 1981) -0.16 -0.07 -0.13 -0.19 
Ammonia beccarii (Linné 1758)                                                 -0.63 -0.04 1.35 -0.52 
Ammonia parkinsonia (d´Orbigny 1839) -0.33 -0.31 -0.36 -0.25 
Ammonia pauciloculata (Phleger and Parker) -0.33 -0.35 0.12 -0.20 
Ammonia sp.  -0.25 -0.18 -0.35 -0.19 
Ammonia tepida (Cushman 1926) -0.28 -0.26 -0.19 -0.33 
Amphicoryna hirsuta (d'Orbigny 1826) -0.22 -0.06 -0.31 -0.13 
Amphicoryna scalaris (Batsch 1798) -0.16 -0.20 -0.56 0.39 
Amphicoryna substriatula (Cushman 1917) -0.16 -0.28 -0.66 -0.19 
Amphistegina lessonii d´Orbigny 1826 -0.51 -0.22 2.49 -0.58 
arenaceous species  -0.08 -0.39 -0.48 -0.14 
Astrononion spp.  -0.54 0.27 0.56 -0.15 
Baggina phillippensis (Cushman 1921) -0.25 -0.21 -0.62 -0.18 
Baggina sp.  0.06 -0.08 -0.50 -0.27 
Biloculinella labiata (Schlumberger 1891) -0.14 -0.38 -0.31 0.07 
Biloculinella sp.  -0.11 -0.16 -0.46 -0.21 
Bolivina alata (Seguenza 1862) 0.87 -0.16 -0.77 -0.54 
Bolivina earlandi (Parr 1950) -0.26 -0.33 -0.43 -0.17 
Bolivina spathulata (Williamson 1858) -0.14 -0.18 -0.53 -0.19 
Bolivina subspinescens (Cushman 1922) 0.08 -0.32 0.09 -0.13 
Bolivina thalmanni (Renz 1948) -0.90 -0.55 3.18 -0.71 
Bolivinita quadrilatera (Schwager 1866) 4.99 2.07 -1.48 -1.39 
Brizalina robusta (Brady, 1881) 1.55 1.26 3.80 -1.55 
Brizalina subreticulata (Parr 1932) -0.39 -0.12 -0.27 -0.06 
Bulimina aculeata d´Orbigny 1826 -2.41 10.28 -2.23 1.10 
Bulimina marginata (d´Orbigny 1826) 0.36 -0.19 -0.76 -0.13 
Bulimina mexicana Cushman 1922 3.54 -0.34 0.77 2.25 
Buliminella elegantissima (d´Orbigny 1839) 0.03 -0.23 -0.25 0.78 
Cancris auriculus (Fichtel & Moll 1798)  -0.27 -0.13 -0.50 -0.30 
Cancris oblongus (Williamson, 1858) -0.21 -0.27 -0.42 -0.15 
Cassidulina carinata Silvestri 1896  2.68 4.38 0.67 -1.33 
Cassidulina gemma Todd 1954 0.02 -0.31 -0.64 -0.34 
Cassidulina obtusa Williamson, 1858 -0.56 -0.10 0.12 0.49 
Chilostomella oolina Schwager 1878 -0.25 -0.09 0.63 -0.40 
Chilostomella ovoidea Reuss 1850 -0.11 -0.30 -0.43 -0.25 
Cibicides floridanus (Cushman 1918) -0.17 -0.40 -0.26 -0.03 
Cibicides mollis Phleger & Parker, 1951 -0.19 -0.32 0.03 -0.45 
Cibicides praecinctus (Karrer 1868) -0.23 -0.34 0.42 -0.22 
Cibicides refulgens de Montfort 1808  -0.32 0.02 0.22 -0.45 
Cibicides sp.  0.75 -0.30 1.35 0.09 
Cibicides sp. 1 0.41 -0.30 -0.29 0.09 
Cibicides subhaidingeri Parr 1950 -0.21 0.30 -0.35 0.51 
Cibicidoides cicatricosus (Schwager 1866) -0.29 -0.07 -0.59 -0.28 
Cibicidoides lobatulus (Walker & Jacob 1798) -0.30 -0.24 0.17 -0.12 
Cibicidoides mundulus (Brady, Parker & Jones 1888) 1.78 0.01 -0.21 0.40 
Cibicidoides pachyderma (Rzehak 1886) -0.20 -0.41 -0.42 0.04 
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Cibicidoides robertsonianus (Brady 1881) -0.42 1.19 0.40 -0.88 
Cibicidoides wuellerstorfi (Schwager 1866) -0.41 0.62 -0.43 -0.13 
Cymbaloporetta bulloides (d'Orbigny 1839) -0.37 -0.36 0.36 -0.34 
Dentalina advena (Cushman 1923) -0.17 -0.35 -0.47 -0.10 
Dentalina aphelis (Loeblich & Tappan 1994) -0.18 -0.31 -0.36 -0.15 
Dentalina sp.  0.02 -0.01 -0.64 -0.32 
Discoanomalina semipunctata (Bailey 1851) -0.14 -0.34 -0.33 -0.28 
Discorbinella sp.  0.92 -0.35 3.63 0.43 
Ehrenbergina pacifica Cushman 1927 -0.23 -0.37 -0.53 -0.07 
Elphidium sp.  -0.30 -0.25 -0.10 -0.27 
Eponides cribrorepandus (Asano & Uchio 1951) -0.27 -0.28 -0.24 -0.26 
Eponides sp.  -0.28 -0.20 0.55 -0.53 
Fischerinella diversa McCulloch 1977 -0.16 -0.32 -0.31 -0.25 
Fursenkoina pauciloculata (Brady 1884) -0.27 -0.05 -0.67 -0.25 
Gavelinopsis lobatula (Parr 1950) -0.27 -0.27 -0.38 -0.24 
Glandulina aequalis Reuss 1863  -0.14 -0.09 -0.41 -0.09 
Globobulimina pacifica Cushman 1927 -0.20 0.08 -0.52 -0.13 
Globocassidulina pacifica (Cushman 1925)                            -0.49 -0.43 0.48 0.74 
Globocassidulina sp. pacifica (Cushman 1925)                            -0.63 0.19 0.20 0.23 
Globocassidulina subglobosa (Brady 1881)  -1.30 1.78 -0.65 4.89 
Gyroidina broeckhiana (Karrer 1878)  -0.18 -0.23 -0.52 -0.32 
Gyroidina lamarckiana (d'Orbigny 1839) -0.23 -0.15 -0.29 -0.14 
Gyroidinoides soldanii (d'Orbigny 1826) -0.11 0.18 0.40 -0.42 
Heterocassidulina saidovae Loeblich & Tappan 1994  -0.32 -0.29 -0.25 -0.25 
Heterostegina depressa d'Orbigny 1826 -0.17 -0.37 -0.12 -0.37 
Hoeglundina elegans (d'Orbigny 1878)  -0.05 0.36 0.22 -0.18 
Hyalinea balthica (Schröte, 1783) -0.25 0.26 -0.71 -0.38 
Islandiella japonica (Asano & Nakamura 1937) -0.28 0.11 -0.49 -0.36 
Karreriella bradyi (Cushman 1911) -0.21 -0.30 -0.38 0.19 
Lagena spp.  0.90 1.34 4.56 0.27 
Laticarinina pauperata (Parker & Jones 1865) -0.38 0.00 -0.44 0.08 
Lenticulina calcar (Linnaeus 1767) -0.12 -0.31 -0.71 -0.10 
Lenticulina cultrata (Montfort 1808) 0.63 -0.55 0.72 0.32 
Lenticulina gibba (d'Orbigny 1826) -0.30 -0.05 -0.51 -0.25 
Lenticulina orbicularis (d'Orbigny 1826) -0.34 0.44 -0.28 -0.39 
Lenticulina orbicularis (d'Orbigny 1826) -0.11 -0.37 -0.20 -0.18 
Lenticulina sp.  -0.08 -0.30 -0.42 -0.30 
Lenticulina thalmanni (Hessland 1943) -0.05 -0.12 -0.50 -0.38 
Lernella inflata (Le Roy 1944) 0.00 0.09 -0.58 -0.04 
Melonis affinis (Reuss 1851) -0.14 -0.29 -0.58 0.09 
Melonis barleeanum (Williamson 1858) 0.23 1.28 0.27 0.30 
Melonis pompilioides (Fichtel & Moll 1798)  0.66 0.07 -0.55 -0.20 
Miliolinella heligmateira Loeblich & Tappan 1994 -0.36 -0.07 0.41 -0.49 
Miliolinella quinquangula Loeblich & Tappan 1994 -0.31 -0.05 -0.38 -0.12 
Millettiana millettii (Heron-Allen & Earland 1915)        -0.64 -0.69 4.48 -0.38 
Multifidella nodulosa (Cushman 1927) -0.19 -0.18 -0.66 -0.24 
Neoconorbina marginata Hofker 1951 -0.24 -0.36 -0.34 -0.16 
Neoconorbina sp. -0.20 -0.23 -0.25 -0.22 
Neoconorbina terquemi (Rzehak 1888) -0.28 -0.33 -0.30 -0.20 
Neolenticulina variabilis (Reuss 1850) -0.11 -0.07 -0.65 -0.19 
Nonion commune (d'Orbigny 1846) -0.26 -0.23 -0.49 -0.19 
Nonion pacificum (Cushman 1924) -0.38 -0.49 0.10 0.19 
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Nonion sp.  -0.31 -0.29 -0.35 -0.24 
Nonion subturgidum (Cushman 1924) -0.29 -0.25 -0.21 -0.29 
Nonionella iridea Heron-Allen & Earland 1932 -0.28 0.05 -0.19 -0.50 
Nonionella turgida (Williamson 1858) -0.24 -0.20 -0.44 -0.24 
Nuttallides rugosus (Phleger & Parker 1951)                           -0.40 -1.46 0.50 10.28 
Oridorsalis umbonatus (Reuss 1851) -0.15 0.02 -0.37 -0.24 
Parasorites marginalis (Lamarck 1816) -0.25 -0.10 -0.70 -0.19 
Patellina corrugata Williamson 1858 -0.27 -0.25 -0.41 -0.15 
Patellinella sp.  -0.24 -0.27 -0.51 -0.07 
Planularia magnifica Thalmann 1933  -0.14 -0.30 -0.63 -0.26 
Planulina ariminensis d'Orbigny 1826 -0.81 2.29 0.25 -0.85 
Praeglobobulimina ovata (d´Orbigny 1846) 0.10 -0.29 -0.66 -0.10 
Praeglobobulimina spinescens (Brady 1884) -0.14 0.17 -0.71 -0.09 
Pullenia bulloides (d'Orbigny 1846) -0.32 -0.12 -0.43 -0.27 
Pullenia quinqueloba (Reuss 1851) -0.27 -0.15 -0.14 -0.18 
Pyrgo elongata (d´Orbigny 1826) -0.18 0.02 -0.62 -0.13 
Pyrgo inornata (d'Orbigny 1846)  -0.22 -0.41 -0.07 -0.21 
Pyrgo inornata (d'Orbigny 1846)  -0.30 -0.09 -0.33 0.03 
Pyrgo sarsi (Schlumberger 1891) -0.26 -0.33 -0.60 -0.06 
Pyrgoella irregularis (d'Orbigny 1839) -0.58 0.82 1.58 1.13 
Quinqueloculina agglutinans d'Orbigny 1839 -0.07 0.35 0.15 0.00 
Quinqueloculina compressiostoma Zheng 1988 -0.28 -0.18 -0.54 -0.23 
Quinqueloculina seminulum (Linné 1758) -0.20 -0.39 -0.56 0.09 
Quinqueloculina sp.  -0.41 0.25 0.27 -0.03 
Quinqueloculina venusta Karrer 1868 0.03 0.02 -0.26 -0.21 
Reophax sp.  -0.23 -0.22 -0.64 -0.17 
Reussella sp.  -0.24 -0.27 -0.35 -0.18 
Reussella spinulosa (Reuss 1850) -0.11 -0.33 1.31 -0.57 
Robertina australis Collins 1958  -0.16 -0.27 -0.37 -0.13 
Robertinoides oceanicus (Cushman & Parker 1947) -0.16 -0.17 -0.31 -0.16 
Rosalina auberii d'Orbigny 1839 -0.35 -0.22 -0.05 -0.30 
Rosalina australis (Parr 1932)                                                    0.31 2.56 4.28 -0.01 
Rosalina bradyi (Cushman 1915) 0.19 0.16 2.62 -0.78 
Rosalina globularis d'Orbigny 1826 -0.21 -0.62 1.23 -0.18 
Rosalina sp.  -0.28 -0.36 0.06 -0.04 
Rosalina vilardeboana d'Orbigny 1839 -0.35 -0.57 2.32 0.60 
Saidovina karreriana (Brady 1881)                                         7.74 -1.12 -2.39 0.26 
Saracenaria altifrons (Parr 1950) -0.14 -0.35 -0.50 -0.12 
Sigmavirgulina tortuosa (Brady 1881)  -0.22 -0.38 -0.17 -0.20 
Sigmoilina carinata Hofker 1978 -0.05 -0.48 -0.05 0.19 
Sigmoilina obesa Heron-Allen & Earland 1932 -0.15 -0.34 -0.45 0.01 
Sigmoilina sigmoidea (Brady 1884) -0.25 -0.36 -0.61 0.08 
Sigmoilina sp.  -0.32 -0.10 -0.58 -0.06 
Sigmoilopsis schlumbergeri (Silvestri 1904) 0.13 -0.48 -0.21 -0.23 
Siphogenerina columellaris (Brady 1881) 3.64 -0.08 -0.29 0.54 
Siphonina tubulosa Cushman 1924 -0.24 -0.24 0.16 -0.32 
Siphotextularia concava (Karrer 1868) -0.15 -0.30 0.17 -0.43 
Spirillina limbata Brady 1884 -0.34 -0.45 1.16 1.06 
Spiroloculina depressa d´Orbigny 1826 -0.23 -0.27 -0.62 0.01 
Spiroloculina disparilis Terquem 1878 -0.32 -0.40 -0.08 -0.21 
Spiroloculina sp. -0.24 -0.17 -0.10 -0.22 
Spiroloculina subimpressa Parr 1950 -0.24 -0.32 -0.45 -0.10 
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Spiroloculina tenuisepata Brady 1884 -0.31 -0.17 -0.37 -0.12 
Stilostomella sp.  0.01 -0.37 -0.58 -0.25 
Textularia barrettii (Jones and Parker 1876) -0.27 0.08 -0.21 -0.29 
Textularia pseudocarinata Cushman 1921  -0.56 0.64 0.13 0.33 
Textularia stricta Cushman 1911 -0.18 -0.26 -0.56 -0.11 
Textularia subantarctica Vella 1957 -0.01 -0.41 0.08 0.73 
Textularia tubulosa Zheng 1980 -0.22 -0.15 -0.06 -0.32 
Tretomphaloides concinnus (Brady 1884) -0.33 -0.44 0.22 -0.05 
Tretomphalus sp.  -0.16 -0.29 -0.40 -0.19 
Trifarina bradyi Cushman 1923 -0.63 -0.40 -0.55 1.85 
Trifarina cf. angulosa (Williamson 1858)                      4.49 1.42 0.95 0.79 
Triloculina sp.  -0.35 -0.23 1.08 -0.24 
Triloculina tricarinata Parker, Jones and Brady 1865 0.00 0.07 0.37 -0.55 
Triloculina trigonula (Lamarck 1804) -0.28 -0.24 -0.15 -0.26 
Triloculinella obliquinodus Riccio 1950 -0.28 -0.40 0.81 -0.12 
Triloculinella pseudooblonga (Zheng 1980) -0.18 -0.11 -0.56 -0.19 
Unknown  -0.17 0.13 1.15 -0.10 
Uvigerina aculeata d'Orbigny 1846 -0.13 0.18 -0.59 -0.42 
Uvigerina ampullacea Brady 1884 0.80 1.73 -0.40 2.58 
Uvigerina elongatastriata (Colom 1952) -0.21 -0.24 -0.59 -0.13 
Uvigerina mediterranea Hofker 1932 2.11 0.16 1.18 1.67 
Uvigerina peregrina Cushman 1923 0.21 -0.16 -0.16 -0.38 
Vaginulopsis sp. -0.14 -0.33 -0.47 -0.15 
Valvulineria araucana (d'Orbigny 1839) -0.18 -0.40 0.23 0.10 
      
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
